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 Dynamic covalent chemistry (DCC) is a widely applied method for the synthesis of diverse 
molecular architectures and chemical libraries which are of broad interest in a number of chemical 
disciplines. As part of the greater subset of molecular self-assembly processes, DCC allows for the 
assembly of complex molecules from simpler precursors through reversible covalent reactions. 
Alkyne metathesis has emerged as one of the most frequently applied reactions for the synthesis 
of shape-persistent molecular architectures via DCC.  The scope of alkyne metathesis DCC has 
been rapidly expanding thanks to the development of increasingly active and functional group 
tolerant catalyst systems and is thus attractive as a method to prepare functionally diverse and 
responsive molecules. The continued development of alkyne metathesis as a synthetic strategy 
relies on both an understanding of reaction pathways and the expansion of this method into new 
chemical space.     
The first section of this dissertation expands upon the synthetic scope of alkyne metathesis 
to combine orthogonal dynamic functionality into 3D molecular cages. This study outlines the first 
example of alkyne metathesis being combined with orthogonal dynamic chemistries and also 
demonstrates that orthogonal DCC is a useful method for generating 3D structures which can 
respond to chemical stimuli. The third chapter aims to study reaction pathways and intermediates 
in alkyne metathesis DCC through self-assembly of two-dimensional molecular ladders. By 
studying these self-assembly processes, we have gained further insights into reaction pathways 
and kinetic traps in these systems. These studies also help to elucidate some of the key differences 
observed in the reaction pathways of alkyne metathesis as opposed to other self-assembly 
processes. We anticipate that the results outlined in this dissertation will complement existing 
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CHAPTER 1: INTRODUCTION TO DYNAMIC COVALENT CHEMISTRY 
1.1 Background and Reaction Pathway Considerations  
 The continued need for robust organic materials has led to the development of novel 
molecular self-assembly processes.1 Dynamic covalent chemistry (DCC), in particular, has 
emerged in recent years as a powerful tool for the construction of a wide variety of stable, 2D and 
3D molecular     structures.2 DCC employs reversible covalent bonds to prepare molecular 
structures of appreciable complexity through self-assembly of simpler precursors (Figure 1).2a This 
methodology is particularly attractive for the synthesis of rigid, shape-persistent molecular 
architectures and novel materials.2a,3 As opposed to the non-covalent interactions which are 
employed by supramolecular chemistry, the DCC toolbox comprises a number of covalent bonds 
which can be employed to prepare stable and robust structures.4 
 The utility of DCC for the preparation of complex molecules lies in the inherent 
reversibility of dynamic bonds.2a In an ideal dynamic system, reaction intermediates exchange 
rapidly and afford the most thermodynamically stable product.5 As the reaction proceeds, this 
reversibility results in a ‘self-correcting’ system which allows for reaction intermediates to funnel 
to a discrete product. While standard covalent bond formations (such as palladium catalyzed cross 
Figure 1. DCC leverages reversible covalent bond formations to afford complex products through a ‘self-correction’ 
mechanism. 
 
Dynamic Covalent Chemistry (DCC):
Reversible covalent reactions which allow for self-assembly of 
complex molecules in a single reaction system
Reversible bond formation
and dynamic intermediates




couplings) operate under kinetic control, the reversibility of DCC allows for the comparatively 
efficient synthesis of architectures that are challenging to prepare with linear syntheses.6 
 The advantages of DCC are well demonstrated by early studies on the preparation of 
benzocyclynes by Vollhardt and Haley (Figure 2). Preparation of 1 through a standard linear 
synthesis required 11 steps culminating in a challenging 2-fold intramolecular Sonogashira 
coupling of precursor 2.7 Vollhardt and coworkers demonstrated that alkyne metathesis of simpler 
propynyl-functionalized precursors could be used to afford 1 in comparable yield and only 4 
steps.6c These examples highlight the benefits of dynamic synthesis for the preparation of complex 
structures that would be challenging to synthesize through a standard synthetic route. In a 
subsequent publication, Haley and coworkers further demonstrated that dynamic alkyne 
metathesis can afford improved yields of benzocyclyne scaffolds such as 1 by leveraging the ‘self-
correcting’ nature of this reaction. While kinetically-controlled Sonogashira coupling affords a 
number of oligomeric/polymeric products which are formed irreversibly, alkyne metathesis of 3 
Figure 2. (a) Preparation of large scaffolds such as 1 can require multiple steps via linear syntheses. DCC can greatly 
enhance the efficiency of these processes through self-assembly of simple precursors. (b) DCC can also afford much 




















11% yield 87% yield
R R











affords a similar scaffold in high yield. This highlights the reversible, error-correcting nature of 
DCC and the advantages of a thermodynamically controlled process which allow side-products to 
return to a pathway to a discrete product.  
 While dynamic covalent systems are often characterized by their efficient reversibility, a 
number of factors can conspire to divert product distributions to products not associated with 
thermodynamic equilibrium.2c,8 DCC systems typically employ multifunctional (or ‘multitopic’) 
reaction precursors which are capable of adopting a number of reactive conformations.2a,9 As an 
additional level of complexity, these reactive conformations can themselves each lead to a 
multitude of products.2c The resulting complex reaction network may consist of reaction 
intermediates of varying stability which can alter the rate of exchange and thus slow the 
reversibility of certain products over others.5b The result may be one or more non-equilibrium 
products which are favored and divert reactivity from a single thermodynamic product.8,10 Products 
not associated with thermodynamic equilibrium are frequently referred to as kinetic traps and are 
characterized by reaction intermediates that are kinetically stable  and no longer dynamic under a 
set of reaction conditions.2c,10b,11 While product distributions in DCC are often predicted based on 
thermodynamic considerations,5b,12 the pathway complexity in these systems can lead to 
unexpected products which in some cases may result from kinetic trapping.10b,13 This means that 
the outcome of a reaction may not always be simple to predict by only considering the 
thermodynamic minimum of the system. 
 The complexity of multitopic DCC can be more clearly visualized as two representative 
energy landscapes (Figure 3).14 As described above, the ideal scenario features a “smooth” energy 
landscape in which a number of kinetically viable pathways allow intermediates to funnel to a 
thermodynamic minimum. No matter the starting point, a reaction intermediate is able to exchange 
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rapidly and convert to the most stable product.15 A contrasting energy landscape is also possible, 
in which the multitude of reaction intermediates and reactive conformations result in a “rough” 
energy landscape characterized by local energy minima.10b,14 These local minima result in kinetic 
traps in which the rate of interconversion is slow enough on the timescale of the reaction to result 
in stable products which are no longer dynamic.10a  
 Kinetic trapping has been observed in a number of systems and can often represent a 
challenging factor to overcome when developing a DCC strategy.10,13b,16 This can especially be the 
case in dynamic combinatorial library synthesis, where the dynamic character of DCC is crucial 
for altering product distributions based on changes to reaction conditions or adaptive host/guest 
responses. For example, Sanders and coworkers have demonstrated that kinetic traps can alter 
product distributions in dynamic hydrazone libraries.10a The presence of a kinetic trap is not always 
detrimental, however, and a number of results have demonstrated that intriguing structures can be 
prepared through a kinetic trapping strategy.10,16 Our lab has investigated the formation of novel 
structures through kinetic trapping strategies and has recently reported the synthesis of tetrahedral 
cages through alkyne metathesis.10b Through dynamic mixing experiments, we have demonstrated 
that these structures show remarkable stability and are no longer dynamic under standard alkyne 
metathesis conditions (see section 1.3.3).  The utility of kinetic trapping as a synthetic strategy has 
“Smooth” Energy Landscape
Thermodynamic product is accesible 
from multiple starting points
“Rough” Energy Landscape
Kinetic traps divert intermediates from 
thermodynamic minimum of the system
Figure 3. Two contrasting energy landscapes in multitopic DCC. The complexity of reaction pathways can divert a 




been further demonstrated in the synthesis of unique nanomaterials and polymeric assemblies.8 
These examples illustrate that while kinetic traps can negatively affect a reaction outcome, they 
can also be leveraged to generate unique structures in DCC.  
1.2 The DCC Toolbox and Advantages of Orthogonality 
 A diverse set of chemical reactions comprise the DCC toolbox, and as a result this 
methodology has been applied to the synthesis of a wide variety of unique structures.4 Despite the 
number  of dynamic covalent reactions which have been reported, a number of reactions have 
emerged as the most commonly applied in organic synthesis and materials applications. These 
include imine/hydrazone/oxime exchange,17 boronic ester exchange,18 disulfide exchange,19 and 
alkene/alkyne metathesis (Figure 4). 3,20 
 The prevalence of these DCC reactions is due to a number of factors which make them 
well suited for the preparation of 2D and 3D molecular architectures. Reaction precursors 
incorporating these functionalities are generally synthetically accessible and the installation of key 
functionality is often simple. Perhaps the most important factor, however, is that a number of 
catalysis systems have emerged which allow for efficient and rapid exchange of these dynamic 
bonds.3,17a,21 As an added bonus, many of these exchange chemistries can be efficiently catalyzed 
by simple Bronsted acid/base catalysis12 or relatively inexpensive small molecule or Lewis acid 
catalysts.17a,22  In the case of alkene/alkyne metathesis, a number of highly active and functional 
group tolerant catalysts have been developed which have greatly expanded the role of these 
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reactions in dynamic synthesis.3,21,23 This diversity in both available chemistries and catalytic 
exchange conditions results in a highly adaptable platform which can be applied to the synthesis 
of a number of novel structures.  
 Another advantage of the diverse DCC toolbox is the inherent orthogonality of these 
chemistries.4 This orthogonality means that dynamic bonds can be selectively ‘activated’ 
depending on the reaction conditions. The utility of orthogonality in dynamic synthesis has largely 
been leveraged in dynamic combinatorial library (DCL) synthesis.4 In these systems, the product 
distribution can be altered through manipulation of reaction conditions (i.e. pH) to selectively “turn 
on” certain components of the mixture.19,24 Furlan and coworkers have demonstrated that 
hydrazone and disulfide exchange reactions can be selectively activated by adjusting the 
equivalents of basic and acidic additives (Figure 5).19 Combining a disulfide, hydrazone, and thiol 
in the presence of trifluoroacetic acid (TFA) affords only products of dynamic hydrazone 
exchange. Conversely, when excess triethylamine is added in addition to TFA, both hydrazone 
and disulfide exchange products are observed. Dynamic library synthesis has been further 






















































Figure 5. Orthogonal dynamic chemistries can be leveraged to tune the composition of chemical libraries through 




situ.17b,25 Orthogonal DCC has further been leveraged in the synthesis of responsive materials and 
polymer systems.4   
 While the utility of orthogonal DCC has been applied in dynamic library synthesis, there 
are fewer examples which leverage orthogonality for the synthesis of adaptable molecular 
architectures.4 Adopting a synthetic strategy based around orthogonal dynamic chemistries allows 
for both functional diversity and controlled activation of dynamic bonds. Incorporating orthogonal 
bonds also allows for geometrical diversity and for an expanded ability to generate complex 
structures from simpler precursors.  
 Zhang and coworkers have recently reported a number of systems for the preparation of a 
macrocycles and cages through orthogonal imine exchange and alkene metathesis. Macrocycle 6 
was prepared in one pot through imine condensation of 4 and 5 followed by alkene metathesis 
(Figure 6).26  Addition of trifluoroacetic acid (TFA) to a solution of 4/5 in trichlorobenzene affords 
the imine condensation product, after which point excess TFA is removed through high vacuum. 





























metathesis reaction to ultimately afford macrocycle 6 in 64% yield. This strategy was further 
adapted to prepare other macrocycles as well as 3D cage 7 (Figure 7).26  
 In a similar approach, Severin and coworkers have investigated the orthogonality of 
boronic ester and imine bonds to prepare macrocycles and 3D cages (Figure 7).27 Macrocycle 8 
was prepared through three component assembly in one pot.27a Similarly, cage 9 was produced 
through a similar multicomponent approach in a ball-mill, which in this case afforded a nearly 
20% increase in the isolated yield of 9.27c It is interesting to note that in these examples the 
orthogonal dynamic bonds were activated under the same reaction conditions. Ulrich and 
coworkers have also demonstrated the synthesis of organic cages through orthogonal 
disulfide/hydrazone bond formations. Interestingly, the cage was shown to disassemble in the 
presence of excess oxime at elevated temperature (see Figure 14).27d These examples demonstrate 
the functional diversity that can be achieved through orthogonal DCC, and also highlight 
opportunities to continue to develop this strategy to prepare adaptable organic cages.  
1.3 DCC For the Synthesis of Organic Nanostructures 
 Dynamic covalent chemistry has proven particularly powerful as a method for the synthesis 




Figure 7. Selected examples of architectures incorporating orthogonal dynamic bonds. This strategy allows for 
functionally and geometrically diverse structures and provide a handle for potential post-synthetic modification. 
Figure adapted from references 26 and 27. 
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number of efficient catalysts which have been developed recently has also expanded the scope of 
DCC.9,17a,23,28 In the context of materials chemistry, great interest has emerged in developing 
synthetic routes towards shape-persistent organic nanostructures, such as cages and macrocycles. 
Shape-persistent molecules have been shown to participate in selective host-guest 
chemistry,29 generate robust nanomaterials,30 and offer fundamental insight into DCC reactions.31 
These compounds are generally soluble in common organic solvents, can be processed in solution 
and can often be generated on large scales.32  DCC has proven to be a powerful tool for generating 
these structures in good yields and short synthetic sequences. This section will highlight examples 
of prevalent DCC reactions which have emerged for the preparation of shape-persistent molecules. 
1.3.1 Alkene Metathesis 
 Alkene metathesis has found wide use in organic synthesis and materials chemistry.3,33 The 
number of highly active and selective catalyst systems available has allowed for this methodology 
to be applied to the synthesis of shape-persistent nanostructures.  Zhang and coworkers have 
demonstrated that subjecting precursor 10 to metathesis conditions affords hexameric macrocycle 
11 in good yield (Figure 8).20 A number of structural analogs were prepared with different 
solubilizing groups to demonstrate the efficiency and scope of this reaction. The solution-phase 
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aggregation of these macrocycles was investigated through NMR and fluorescence. Association 
constants were found to vary widely with the nature of the solubilizing -R group, with Kassoc 
ranging from ca. 0-628 M-1. The authors further developed this system by examining the effect of 
performing the metathesis reaction in the presence of a variety of surfaces.34 Interestingly, the 
product distribution diverts from 11 to a number of oligomeric products when the metathesis 
reaction is performed in the presence of various surface substrates. These macrocycles were also 
shown to be effective as transmembrane ion transporters when encapsulated in large unilamellar 
vesicles.30b  
 Three-dimensional nanostructures have also been prepared via alkene metathesis. The rigid 
alkene linkage is well suited for the preparation of molecular cages which can maintain their shape 
Figure 9. Coordination-directed synthesis of 3D structures via alkene metathesis. (A) DABCO was shown to 
coordinate to zinc-porphyrin precursors in order to preorganize 12 and promote metathesis to form 13. (B) The 
coordination approach was adapted to the synthesis of other 3D structures via alkene metathesis. Figure adapted from 
references 35 and 56. 
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and porosity. Heitz and coworkers prepared dimeric cage 13 through a templated approach using 
DABCO and Zn-porphyrin precursor 12 (Figure 9a).35 Coordination of the DABCO brings two 
units of 12 in proximity which allows for ring closure through alkene metathesis and affords 13 in 
40% yield. The approximate dimensions of the cage are 2.5 x 2.1 x 1.5 nm as determined by x-ray 
crystallographic analysis. Removal of the DABCO was facilitated through treatment with TFA, 
which highlights the adaptability of these cage structures for reversible host/guest interactions. A 
similar approach was adopted by Li et al. for the preparation of nanorings 14 and 15 (Figure 9b).36 
Instead of DABCO, multitopic pyridine ligands based on a triazine backbone were employed. For 
nanoring 15, a hexatopic pyridine ligand was employed in order to bring six precursors in close 
proximity to link via alkene metathesis. Both 14 and 15 were determined to have diameters of 1.5 
and 3.4 nm, respectively.  As a result, both were capable of strongly binding to C60 and C70, though 
no preference for either fullerene was observed.  
1.3.2 Imine and Hydrazone Exchange 
 Imine and hydrazone exchange reactions are some of the most widely used chemistries in 
DCC and have been applied to the synthesis of 2D and 3D molecular architectures.37 Imine 
exchange, in particular, is one of the most versatile and widely applied DCC reactions for the 
synthesis of organic molecular cages.37a,38 Imine and hydrazone exchange is effectively catalyzed 
through simple Bronsted acid (i.e. TFA and AcOH), Lewis acid (i.e. Sc(OTf)3) or organocatalysis 
(i.e. anilines).17a,22 Starting precursors also can often be prepared efficiently (or obtained 
commercially) and the imine and hydrazone bonds are often stable and can be incorporated into a 
variety of porous 3D structures with applications in materials science.39  
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 Cooper and coworkers have heavily investigated the use of dynamic imine chemistry for 
the preparation of organic molecular cages and their applications in materials science. Recent 
reports from their lab have highlighted that these cages can be applied in a wide variety of 
applications, including chromatographic separation and gas separation/storage.29b,39-40 Cooper et 
al. have reported the synthesis of enantiomeric cages CC3-R and CC3-S through dynamic imine 
exchange using simple TFA catalysis (Figure 10).40 Nanoparticle structures were then prepared 
from these cages and applied to gas chromatography (GC) columns. Remarkably, these 
functionalized columns were capable of performing chiral separations of a variety of racemic 
mixtures including both 1-phenylethanol (1PE) and a-methylbenzylamine (MBA) (Figure 10 b,c). 
These columns were highly effective for separating all five isomers of hexane and outcompeted a 
number of commercially available columns. These cage-functionalized columns also showed good 
stability and were used for over 300 injections. In a follow-up publication, racemic cage CC3 was 
Figure 10. Cage CC3 was used to prepare functionalized gas chromatography columns which were able to separate 
racemic mixtures (b,c). Figure adapted from reference 40.  
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later shown to have a high binding affinity for SF6.29b This affinity was leveraged to effectively 
separate SF6 from N2 by passing the gas mixture over a sample of the solid cage material.  
 The synthetic scope of imine DCC has expanded greatly in recent years with pioneering 
studies demonstrating that computational strategies can be used to predict or rationalize the major 
product from a set of aldehyde and amine precursors.12,41 Cooper and coworkers have recently 
applied computational methods combined with high-throughput screening to investigate the 
efficiency of computational models for predicting reaction outcome. In a recent publication, the 
relative energies of possible topologies for a combination of reaction precursors were calculated 
and used to predict the favored topology.12 High throughput screening was then used to probe the 
outcome for 78 independent reactions, corresponding to a combination of 3 amine and 26 aldehyde 
Figure 11. Cooper and coworkers computationally determined the favored topology for combinations of amine and 
aldehyde precursors. (a) Possible topologies which could be obtained through precursor combinations. (b) The 




precursors. A library of 33 cages were ultimately formed successfully, 31 of which cleanly formed 
the topology which was predicted in-silico.  This study is an excellent example of the ability of 
DCC to operate under thermodynamic control, in which case consideration of thermodynamically 
favored products can be used to accurately predict a reaction outcome. Such a strategy is only 
effective, however, when the reaction pathway is free of detrimental kinetic traps.  
 Zhang and coworkers have also demonstrated the synthesis of a variety of organic cages 
through dynamic imine chemistry (Figure 12).42 Lewis acid catalyzed transimination of tritopic 
aniline 16 and ditopic aldehyde 17 using Sc(OTf)3 was used to prepare a dimeric cage structure. 
This cage was then reduced in-situ with NaBH(OAC)3 to afford cage 18 (Figure 12 a). Using a 
similar strategy, cage 21 was prepared from dialdehyde 19 and trianiline 21 (Figure 12 b).42b These 
examples also highlight further modification (i.e. reduction) of the imine bond after cage synthesis, 
which can be performed in situations where the stability of the product may be of concern. 



























Figure 12. Two cages prepared by Zhang et al. demonstrating the utility of imine DCC. (a) Sc(OTf)3 catalyzed imine 
exchange followed by reduction of the imine bonds affords cage 18. (b) A novel and more rigid cage 21 was prepared 
through transimination followed by reduction. Figure adapted from reference 42. 
 15 
 
macrocycles and extended molecular grids. Our group has demonstrated that the formation of 
trimeric imine macrocycles can be directed through ‘programming’ of the directionality of the 
starting precursors.43 This was performed by combining a 1:1:1 ratio of precursors 22, 23 and 24 
under Sc(III) catalyzed transimination conditions (Figure 13a). The directionality of these 



































































































































Figure 13. 2D frameworks prepared via imine DCC. (a) Nonsymmetric macrocycles through programmed assembly 
from directional precursors. (b) Molecular ladders via dynamic imine exchange from precursors 26 and 27. Beyond 
four rungs these structures become kinetically trapped. (c) Adopting a flexible peptoid backbone allows for the 
synthesis of longer ladder structures by overcoming kinetic traps.  
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unsymmetrical trimeric macrocycle 25 as the predominant product. Under thermodynamic control 
this macrocycle is the most energetically favorable and its formation is directed by the sequence 
of functionality in starting precursors 22-24.  
 Our lab has also reported the preparation of 2D molecular grids (‘molecular ladders’) 
through dynamic imine exchange.13b,17c These structures have potential applications in smart 
membranes or conductive surfaces, and a DCC approach allows for self-assembly of these 
structures in solution. Oligomeric precursors of varying length (i.e. three ‘rung’ precursors 26 and 
27) were subjected to Sc(OTf)3 catalyzed imine exchange conditions to afford ladder structures 
such as 28 (Figure 13b). Interestingly, these structures were prone to kinetic trapping beyond four 
rungs which limited the efficiency of their synthesis.13b As an extension of this work, Scott and 
coworkers reported the use of a more flexible peptoid backbone which allowed for the preparation 
of ladders with up to 16 connections (Figure 13 ).31b,44 They propose that this is due to the enhanced 
flexibility of a peptoid system as compared to the rigid m-phenylene ethynylene based precursors 
reported by our group.31b Derivatives of these ladders were prepared incorporating FRET-pairs 
and were used to study the mechanism of self-correction for the ladder system.31b Their studies 
suggested that initial formation of a variety of misaligned intermediates is followed by 
intramolecular ‘shuffling’ of imine bonds to afford aligned ladders. These examples further 
highlight the challenges in DCC which can emerge when kinetic traps can alter products from 
thermodynamic distributions.  
 Dynamic hydrazone exchange has also been explored in DCC for the synthesis of both 2D 
and 3D structures. This exchange can be catalyzed under similar conditions as imine DCC, 
including through the use of acids and Sc(OTf)3.17a Li and coworkers have reported the preparation 
of a dimeric hydrazone cage 32 (Figure 14).45 Interestingly, the cage was observed to be in 
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equilibrium with oligomeric/polymeric byproducts at elevated temperatures, though this was not 
the case when the temperature was lowered.  Sanders and coworkers have also reported the 
synthesis of macrocycle 33 based on hydrazone DCC which was demonstrated to be a kinetic trap 
in the self-assembly process (Figure 14).10a,11,17b These macrocycle structures were also 
demonstrated to be effective hosts for dihydrogen phosphate.17b Ulrich and coworkers have also 
demonstrated the assembly of hydrazone/disulfide cages through orthogonal assembly.27d These 




Figure 14. Selected examples of structures prepared through hydrazone DCC. (a)  A dimeric hydrazone cage. (b)  
Dimeric macrocycle based on hydrazone linkages. (c) A dimeric cage prepared through orthogonal 
hydrazone/disulfide exchange which is disassembled with an oxime additive. Figure partially adapted from 
reference 45.  
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1.3.3 Alkyne Metathesis 
 Perhaps the most widely applied DCC method for the synthesis of robust, shape-persistent 
nanostructures is alkyne metathesis (AM).2a,9 Alkyne metathesis has experienced a resurgence in 
recent decades thanks to the development of a number of highly active and functional group 
tolerant catalyst systems and has found wide application in both total synthesis and materials 
chemistry.46  As a result, the structural and functional diversity which can be accessed via AM-
DCC is rapidly expanding.  
 Alkyne metathesis is commonly catalyzed through the use of Schrock alkylydine 
complexes of molybdenum and tungsten, with molybdenum catalysts being the most commonly 
used. The catalytic cycle of AM is analogous to that of olefin metathesis and proceeds through 
Figure 15. (a) The mechanism of alkyne metathesis proceeds through formation of metallacyclobutane intermediates 
which undergo cycloreversion to afford metathesis products. The metathesis byproduct must be removed in order to 
drive the equilibrium forward.  (b) Vacuum, molecular sieves, and precipitation-based systems effectively promote 
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cycloaddition and cycloreversion of metallacyclobutadiene intermediates (Figure 15 a). A key 
aspect of AM, especially in the context of dynamic synthesis, is the fact that each step is reversible 
and thus must be driven forward for productive metathesis. The removal of the small molecule 
metathesis byproduct (34) is key for driving the reaction forward and can be achieved in a number 
of ways (Figure 15 a, b). Propynylated precursors release volatile 2-butyne after metathesis which 
can be removed through high vacuum (Figure 15 b). This method was classically used to drive 
AM reactions and generally works well on small scales.  In 2004, we reported an efficient 
precipitation driven strategy to drive alkyne metathesis reactions to completion.47 This method 
proved to be much more efficient than vacuum-driven conditions which at the time was a standard 
method of driving AM reactions to completion. A key breakthrough in the development of alkyne 
metathesis DCC was made by Furstner and coworkers who have reported that alkyne metathesis 
can be efficiently driven forward by using propynylated substrates in conjunction with 5Å 
molecular sieves (MS) which effectively remove 2-butyne.23 This strategy allows for more simple 
preparation of metathesis precursors and alleviates the need for bulky precipitating groups or a 
vacuum-driven system. The use of propynylated precursors and molecular sieves is now a widely 
used strategy in AM-DCC.46a,48  
 Our lab and others have the reported the synthesis of a number of novel macrocycles and 
cages through AM-DCC.3,9,48 Using the precipitation based strategy  macrocycles  37 and  38 were 
prepared on multigram scale.47,49 These reactions afford much higher yields on large scales than 
procedures using a vacuum-driven strategy.48,50 We have also reported the synthesis of macrocycle 
39 as a precursor to a cycloparaphenyleneacetylene which effectively binds to C70.51 
 As with all DCC processes, the reversibility of alkyne metathesis allows for systems to 
self-correct to a discrete product from a number of reactive intermediates. In AM-DCC using 
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multitopic precursors, these reactions often proceed through initial formation of higher molecular 
weight oligomeric/polymeric products which then convert to a discrete product.31c,32 We have 
demonstrated that discrete macrocycles can be generated from polymeric precursors through a 
depolymerization-macrocyclization strategy (Figure 16). Polymer 40 was prepared through 
Sonogashira polymerization and determined to have a molecular weight (MW) of 11.4 kDa and 
polydispersity index of 1.8 (Figure 16 a).52 Subjecting this polymer to alkyne metathesis conditions 
afforded macrocycle 37 in 70% yield after 24 hours.  This result is a remarkeable demonstration 
of the reversibility of AM-DCC which allows for a polydisperse polymer to ‘self-correct’ to a 
discrete product in high yield.  
Figure 16. Depolymerization/macrocyclization strategies highlighting the ‘self-correcting’ nature of AM-DCC. (a) 
Exposing polymer 40 to AM affords 37 in good yield via depolymerization/macrocyclization. (b) Homochiral self-
sorting of macrocycles based on the depolymerization strategy. Figure b reproduced from reference 53. 
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 This depolymerization strategy was also applied to the synthesis of homochiral, BINOL 
based macrocyces through self-sorting AM-DCC (Figure 16 b).53 A heterochiral arylene 
ethynylene polymer was synthesized through Sonogashira polymerization of both R- and S-BINOL 
precursors. The resulting polymer was subjected to alkyne metathesis at RT resulting in formation 
of only homochiral R/S dimeric macrocycles (Figure 16 b). This selectivity was hypothesized to 
be a result of the difference in symmetry between hetero- and homochiral macrocycles.53 
Calcuations revealed that the enthalpic difference between the hetero- and homochiral structures 
is relatively small. However, the entropic difference between marocycles of different symmetry 
was proposed to be a significant contribution to the overall DG of the reaction. In support of this 
hypothesis, performing the depolymerization reaction at 5 oC affored a mixture of hetero- and 
homochiral macrocycles. This further demonstrates the power of a dynamic system by allowing 
for reversibility and ‘error-correction.’ In addition, the effect of entropy in this case is a further 
testament to the fact that only considering enthalpic differences may not aways be able to 
completely rationalize a reaction outcome.   
  Alkyne metathesis is also highly adaptable for the synthesis of shape persistent 3D 
molecular cages.2a,3,10b The linear, rigid alkyne bond is well suited to prepare structures with a 
defined and stable porosity.3,32 Within the last ten years, a number of structurally and geomtrically 
diverse organic cages have been reported and used in materials applications.2a,54 Our group has 
recently reported the synthesis of tetrahedral organic cages through alkyne metathesis of tritopic 
precursors.10b Precursor 41 was prepared as a structural analog of similar compounds which have 
been shown to have an alternating ‘up-down-up’ configuration of the 1,3,5-substitution of 
hexasubstituted arenes.55 This conformation preorganizes 41 to undergo metathesis to adopt a 
conformation that favors formation of a tetrameric organic cage.10b  Subjecting 41 to alkyne 
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metathesis using only 5 mol% molybdenum catalyst afforded the tetrahedral cage 42 in near 
quantitative yield (Figure 17 a). The dimensions of 42 were determined after X-ray 
crystallographic analysis and revealed that the cage has a pore-size of approximately 1.4 nm. 
Encapsulation of a number of hosts was attemped, however none were succesfully incorporated 
into 42.  
 Tetrahedral cage 42 was determined to be a kinetic trap and no longer dynamic under the 
alkyne metathesis conditions used for its synthesis. Subjecting a mixture of two cages (Ta and Tb) 
to AM resulted in recovery of both cages with no mixed cage observed by MALDI, NMR, or GPC 
(Figure 17 b,c).10b This result suggests that cage 42 is preorganized enough to remain stable even 
if one or two bonds undergo metathesis. As such, even if one face of the cage is opened via AM, 
Figure 17. (a) Tetrahedral organic cages are prepared through alkyne metathesis of tritopic precursors 41. (b) 
Scrambling experiments demonstrate that these cages are not dynamic and are kinetically trapped. (c) GPC analysis 
of scrambling experiment. Figure reproduced from reference 10b. 
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the rate of closure of this bond is likely faster than intermolecular metathesis reactions that would 
lead to scrambling.10b    
 A key property of tetrahedral cage 42 is its stability and shape-persistence.56  This cage can 
also be prepared on large scale which has allowed for applications in materials science. Our lab 
has recently reported that 41 is an effective host for lithium salts and can be used to fabricate solid-
state lithium electrolytes with good performance.30a We have also expanded the scope of cages 
available through this method and studied the key structural parameters which are required for 
clean conversion of tritopic precursors to a discrete cage.31c,57 Computational studies have been 
used to further understand the reaction pathway leading from 41 to 42 and demonstrate that this 
process is a delicate balance between inter- and intramolecular metathesis steps.57  
  Zhang and coworkers have also reported novel porous organic cages via alkyne metathesis. 
A number of their reported structures are based on porphyrin scaffolds which afford rigid cages 
with high affinity for selected organic hosts.58 A number of their systems employ precipitation-
based metathesis, and inclusion of the bulky precipitating group has been shown to improve 
chromatographic purification of these precursors.59 Macrocycle 44 was prepared through 
precipitation driven metathesis from porphyrin precursor 43 (Figure 18 a).29a While technically a 
macrocycle, this scaffold encapsulates a variety of fullerenes and binds to C84 with the highest 
binding constant.29a A number of other nanostructures based on the porphyrin scaffold were also 
prepared and also show affinity for fullerenes. Dimeric ‘cube’ 45 was also prepared via 
precipitation driven metathesis and selectively binds C70 (Figure 18 b).32 Treating a mixture of C60 
and C70 with cage 45 allowed for separation of these two fullerenes and increased the percentage 
of C70 in the mixture from 9 mol% to 79 mol%.32 Porphyrin trimer 46 also shows affinity for C70 
(Figure 18 c).60 Zhang et al. prepared a zinc-coordinated analog of 46 (Zn-46) in which each 
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porphyrin is coordinated to a zinc ion. Zn-46 effectively encapsulates C70, which can be removed 
upon addition of   2,4,6-tri(4- pyridyl)-1,3,5-triazine (Py3T) which coordinates to each zinc 
porphyrin and displaces C70.60 These studies are an excellent example of the utility of shape-
persistent nanostructures constructed from AM-DCC and the ability to use these architectures as 
selective hosts.  
 Studies by Zhang and coworkers have also highlighted the fact that AM-DCC may not 
always afford the outcome that may initially be expected. For example, the metathesis of 47 was 
expected to afford the fully symmetric cage 48 (Figure 19 a).13a Unexpectedly, D2h symmetric cage 
was isolated in 82% yield.13a This result was found to be the result of initial formation of the 
macrocyclic faces of cage 49 which then undergo metathesis to the cage product. This was 
Figure 18. Porphyrin-based nanostructures prepared via precipitation-driven AM-DCC. These structures show good 
shape persistence and can be used for selective encapsulation of fullerene hosts. Figure partially reproduced from 
reference 60.  
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confirmed by monitoring the reaction progress by 1H NMR and comparison to an authentic 
standard of the macrocycle.13a Zhang and coworkers have also demonstrated that seemingly small 
changes in precursor structure can have a significant effect on reaction outcome. In a systematic 
study, they compared the reaction outcome of AM-DCC for a number of carbazole based 
precursors of varying size and geometry (Figure 19 b).31a The structure of the precursor can have 
a very large effect on the reaction outcome as demonstrated by the different results obtained from 
precursors 50 and 51. While precursor 50 affords a discrete D4h symmetric cage as the predominant 
product, extension of the reactive carbazole units affords a complex mixture of products.31a This 
example highlights the pathway complexity available in AM-DCC which can be highly sensitive 
to changes in precursor geometry. A seemingly minor change to the reaction precursor can have a 
Figure 19. A number of studies highlight the complexity of AM-DCC and illustrate the challenge in predicting product 
distributions. (a) formation of cage 48 was anticipated after metathesis of 47; however, the D2h cage was isolated as 
the major product. (b) Zhang et al. have performed systematic studies to investigate the effect of precursor structure 
on reaction outcome, highlighting sensitive nature of AM-DCC to structural changes. Figure reproduced from 
references 13a and 31a.  
 26 
 
large effect on the product distribution and alter the energy landscape such that no discrete product 
is favored.31a,31c,57 Such alterations can also greatly affect the solubility of reaction intermediates 
and lead to formation of insoluble products which are no longer able to participate in metathesis.  
1.4 Conclusion 
 The scope of DCC has expanded greatly in recent years and is an adaptable platform for 
the synthesis of a wide variety of novel structures. A distinct advantage of this methodology is the 
ability to access complex molecules from relatively simple precursors, which is possible through 
the reversible nature of DCC. The complexity of reaction pathways can make it challenging to 
accurately predict the outcome of a dynamic synthesis, especially when intermediates are prone to 
kinetic traps. Despite these factors, DCC has allowed for the preparation of a number of 2D and 
3D structures which have found diverse applications in materials science. A key challenge in the 
future is to continue to expand the scope of this platform, particularly for reactions such as alkyne 
metathesis for which a number of active and tolerant catalyst systems have been developed. The 
realization of these goals will both expand the number of structures available for materials 
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CHAPTER 2: ORTHOGONAL DCC FOR THE SYNTHESIS OF MOLECULAR CAGES 
Note: The work described in this chapter is adapted from a manuscript which was accepted for 
publication in Chemical Science (DOI: 10.1039/C9SC02047K) at the time of submitting this 
dissertation. 
2.1 Introduction 
The continued need for predictable synthetic methods via DCC has led to the development of 
ever more robust and chemically diverse dynamic systems.1 In recent years, innovation in the field 
of DCC has demonstrated that complex molecular structures can be prepared through self-
assembly of novel multitopic precursors.2 Given the number of orthogonal chemistries available 
in the DCC toolbox, recent attention has turned to utilizing orthogonal dynamic bonds in order to 
impart control over product distributions and geometries in DCC.3 Orthogonality not only provides 
functional diversity but also affords a useful means of selectively controlling product distributions. 
Since orthogonal sets of bonds can be activated under different reaction conditions, the ability to 
design functional molecules with multiple sets of dynamic bonds would allow for not only more 
predictable syntheses but also controlled post-synthetic modifications.3  
 While orthogonal dynamic bonds have been applied in the context of dynamic 
combinatorial library (DCL) synthesis, less effort has focused on combining these chemistries for 
the preparation of organic cages.3-4 Orthogonal imine and olefin metathesis, as well as orthogonal 
imine and boronic ester exchange, have been reported for the preparation of macrocycles and cages 
respectively (Figure 7).5d Orthogonal disulfide and hydrazone chemistry have also been combined 
into organic cages which could be disassembled in the presence of an oxime additive (Figure 14 
c).5 Based on our well-established history in the field of alkyne metathesis DCC (AM-DCC), we 
were inspired to develop synthetic strategies which would combine alkyne metathesis with 
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orthogonal dynamic bonds.7 In conjunction with alkyne metathesis, orthogonal dynamic 
chemistries applied to organic cage synthesis would expand the applications of orthogonality to 
modify properties such as geometry, shape persistence, and porosity and prepare cages which can 
adapt to chemical stimuli.6   We were further inspired by the lack of examples combining alkyne 
metathesis with orthogonal chemistries in multitopic DCC.3 In the last two decades a number of 
highly active and functional group tolerant catalyst systems have been reported and have greatly 
expanded the scope of alkyne metathesis (Figure 20).8 These developments further demonstrate 
that AM-DCC is now well-poised to continue expanding into new chemical space.  
2.2 Precursor Design and Synthesis 
2.2.1 Design Considerations 
 In considering which orthogonal chemistry to combine with alkyne metathesis, we became 
particularly inspired by the well demonstrated utility of dynamic imine chemistry.9 Imine exchange 
has been broadly applied for the synthesis of a wide variety of structures including molecular 
ladders, macrocycles and 3D organic cages.10 Imine bonds are appreciably stable and can be 
exchanged under both Bronsted and Lewis acid catalysis.9c,11 Building on these considerations, we 
hypothesized that the orthogonality of alkyne and imine exchange could be leveraged to prepare a 
Figure 20. (a) Molybdenum precatalyst A is commonly used for alkyne metathesis reactions. Ligands B, C and D 
have recently been reported and are highly active and functional group tolerant. (b) Metathesis of an aldehyde 
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molecular cage which can be selectively modified through orthogonal bond activation. After 
surveying the literature, we were interested to note that no examples of imine functionality in an 
AM reaction had ever been reported.3 Fortunately, a number of highly active supporting ligands 
have been recently developed which can tolerate a variety of functional groups.8c-e,12 Of particular 
interest were the tridentate phenol ligands reported by Zhang and coworkers which show high 
activity and functional group compatibility (Figure 20). Using these ligands, substrates containing 
aldehyde, pyridine, sulfur, and even free phenol groups undergo metathesis rapidly and with high 
selectivity (Figure 20).8c-e  These catalyst scaffolds were immediately attractive as starting points 
to probe tolerance of imine functionality in alkyne metathesis.  
To demonstrate the feasibility of combining orthogonal alkyne and imine bonds in a single 
structure, the geometrical complementarity of these bonds must also be considered. In alkyne 
metathesis DCC, seemingly small changes to precursor structure can have large effects on reaction 
outcomes.13 Replacing the linear alkyne bond with a trigonal imine bond may alter the precursor 
geometry and conformational dynamics such that no discrete, stable product is formed. Given our 
success in the synthesis of tetrahedral cages via alkyne metathesis,14 we began with this scaffold 



















Figure 21. Initial modeling suggested that a C3V symmetric mixed imine alkyne cage would be a promising target to 
demonstrate the feasibility of combining imine chemistry in AM.   
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bonds. Preliminary modeling studies suggested that a tetrahedral cage with a single imine-linked 
vertex and alkyne-linked ‘base’ appeared to maintain reasonable geometry and bond angles to 
form a stable product (Figure 21). As opposed to fully symmetric (Td) cages previously prepared 
by our group, a cage with a single imine-linked vertex would be have lesser C3V symmetry. We 
further envisioned that the orthogonality of alkyne/imine chemistry structure could be used to 
demonstrate cage modification strategies and adaptability to chemical stimuli. 
2.2.2 Hexatopic Precursor Design and Synthesis 
 Zhang and coworkers have previously demonstrated that imine condensation can be used 
to prepare mixed imine/olefin precursors for alkene metathesis.5a,5b To probe whether a similar 
strategy would be possible through AM-DCC, we hypothesized that three bis-alkyne precursors 
could be appended to a single vertex via imine condensation to afford a single hexatopic alkyne 
precursor (Figure 22b). We further hypothesized that this precursor would be sufficiently 
Figure 22. Synthetic strategy towards a hexatopic mixed alkyne/imine precursor. We hypothesize that a sufficiently 
preorganized precursor will undergo metathesis to a mixed alkyne/imine cage. 
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preorganized to undergo intramolecular cyclooligomerization and ‘fold’ the hexatopic precursor 
to a tetrahedral cage.  
 We therefore initiated the development of a synthetic strategy to prepare functional 
precursors in a modular synthesis starting from tris-bromide 52 (Figure 22a). This precursor was 
chosen for its structural preorganization, which we have previously demonstrated is uniquely 
suited for tetrahedral cage formation.14 The 1,3,5- arrangement of a hexasubstituted arene is known 
to enforce an ‘up/down/up’ conformation to preorganize these precursors towards cage 
formation.14-15 We first prepared bis-alkyne 53 through a copper-catalyzed arylation of tris-
bromide 52 (Figure 22a). Despite the low yield, this reaction can be performed on multigram scale 
to provide synthetically useful quantities of material. Bis-alkyne 53 was then reacted with 
commercially available 4-bromobistrimethylsilyl aniline, followed by quenching with 1M HCl to 
afford mono-aniline 55. Tribromide 52 was also elaborated into tri-aldehyde 54 through a copper 
catalyzed arylation with commercial 4-bromobenzaldehyde dimethyl acetal followed by acidic 
hydrolysis of the acetal protecting group. This synthetic strategy demonstrates the modularity of 
these precursors which allows for the incorporation of diverse functionality.  
 With monoanline 54 and trialdehyde 55 in hand, we next investigated the efficiency of 
coupling them to produce a hexatopic mixed imine/alkyne precursor. Aldehyde 55 was combined 
with aniline 54 in a 1:4.35 ratio in 1:1 CHCl3/EtOH at 55 oC in the presence of AcOH (15 mol%) 
and 4 Å molecular sieves to remove residual water (Figure 23a). Gratifyingly, these conditions 
afford hexatopic alkyne/imine precursor 56 in 83% yield. The tris-imine precursor can be isolated 
in good purity through precipitation from ethanol and filtration. In order to remove residual aniline 
54, the product is precipitated twice from ethanol and washed thoroughly with ethanol and a 
chloroform/ethanol solution.  
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 The relative stoichiometry of trialdehyde to monoaniline is important for the purity of the 
isolated product, with excess aniline being key to efficient conversion to 56. Using these 
conditions, tris-imine 56 is obtained in 96% purity by 1H NMR. MALDI-MS analysis indicates 
the presence of the bis-imine isomer, which can be minimized using the indicated reactant 
stoichiometry (Figure 23b). Precursor 56 was further characterized by GPC, MALDI, and 1H/13C 
NMR. Despite numerous attempts, this compound could not be crystallized for X-ray 
crystallographic analysis. Precursor 56 maintains good solubility in a variety of organic solvents, 







Figure 23. (a) Synthesis of a hexatopic mixed imine/alkyne precursor through imine condensation of 54 and 55. (b) 
MALDI-MS analysis of isolated precursor.  
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2.3 Cage Synthesis and Characterization 
With 56 in hand, we subjected this hexatopic alkyne precursor to AM conditions. Initially 
reacting precursor 56 to 10 mol% of molybdenum precatalyst A/ligand B8c in CHCl3 (10 mM) at 
40oC for 17 hours afforded a product putatively assigned to the mixed alkyne/imine cage 57 after 
analysis by 1H NMR, GPC, and MALDI-MS. 1H NMR suggested the presence of higher molecular 
weight byproducts, and we hypothesized that further diluting the reaction concentration may favor 
intramolecular metathesis pathways. Additionally, CCl4 has been previously reported to be the 
Figure 24. (a) Synthesis of a C3V alkyne/imine cage through alkyne metathesis of a hexatopic alkyne precursor. 
Reported yield is the average of two runs. (b) MALDI-MS (DCTB matrix, positive-ion mode) and GPC analysis of the 
isolated cage material. GPC traces were normalized by area.  
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optimal solvent for catalyst systems employing ligand B.  We next subjected 56 to the above 
conditions in CCl4 solvent at 3 mM reaction concentration and were delighted to find that these 
conditions afforded cage 57 in 80% isolated yield (Figure 24a). Despite attempts to purify the 
isolated product via column chromatography, the limited solubility of cage 57 and concerns over 
stability did not make this a practical purification technique. Cooper and coworkers have reported 
that imine cages can be purified via precipitation and sequential washes with mixed solvent 
solutions (i.e. EtOH/CH2Cl2).16  Cage 57 is isolated by filtration of the reaction mixture through a 
short plug of neutral alumina, precipitation from ethanol, and washing with 30% CHCl3/EtOH and 
methanol. Gel permeation chromatography (GPC) analysis further supports conversion of 56 to 
57, and also reveals the presence of higher molecular weight byproducts present in the isolated 
material (Figure 24b). The purity of cage 57 was estimated to be 96% by GPC, with ca. 4% of 
Figure 25. 1H NMR of precursor 56(top) and isolated cage 57 (bottom). Loss of propynyl methyl signal and upfield 





residual higher molecular weight impurities present. MALDI-MS analysis of the isolated material 
confirms the expected [M+H]+ for the cage product and indicates the presence of a dimeric 
impurity, which may be a dimer of precursor 56 or a catenated cage structure. (Figure 24b). 1H 
and 13C NMR (see experimental) support the formation of cage 57, with loss of the propynyl signal 
observed in precursor 56 and upfield shift of proton signals indicating successful metathesis 
(Figure 25).  Despite multiple attempts employing different crystallization techniques and solvent 
mixtures, we were unable to obtain crystals which diffracted strongly enough to allow for structural 
refinement. Our previously reported tetrahedral cages are known to diffract weakly,14 which was 
we also observed in our experiments with 57. The best crystals obtained were sent to the UC 
Berkley Advanced Light Source (ALS) but were still too small to diffract with adequate resolution. 
The crystal samples were also reported to turn yellow/brown during analysis, suggesting that 
irradiation with an intense X-ray source likely leads to decomposition of the cage.  
2.4 Reaction Profile of Cage Formation 
 The successful formation of cage 57 from hexatopic precursor 56 indicates that this product 
is the favored reaction outcome and that 56 is sufficiently preorganized to undergo metathesis to a 
discrete cage product. Our original design for this system was built on the hypothesis that 
‘tethering’ three bis-alkyne precursors would place these precursors in close enough proximity to 
undergo intramolecular metathesis and ‘fold’ the precursor to a cage. In many alkyne metathesis 
DCC processes, however, initial formation of oligomeric intermediates is observed followed by 
‘self-correction’ to a discrete product.13b,17 In previous studies we have observed similar reactivity 
trends in the preparation of tetrahedral molecular cages.13b Based on our initial design hypothesis, 
we wondered if precursor 56 bypasses all intermolecular pathways and only proceeds to 57 via 
sequential intramolecular metathesis steps. To test this, 56 was subjected to the standard conditions 
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and the product distribution was monitored over the course of the reaction by GPC (Figure 26a). 
This experiment revealed that initial formation of oligomeric/higher molecular weight 
intermediates, even at the relatively dilute reaction concentration (3mM). Within 15 minutes, 
precursor 56 is fully consumed and higher molecular weight products (~16-17 minutes retention 
time) are also formed.  The peaks observed at these retention times likely correspond to 
intermolecular metathesis products (i.e. dimers, trimers, tetramers of 56), which is consistent with 
the observed dimeric product remaining in isolated 57. The peak at ~17.5 minutes retention time 
appears with a broad shoulder which narrows over the course of the reaction. This observed 
shouldering likely corresponds to intramolecular metathesis products which lie on the pathway to 
57. Formation of both intermolecular and intramolecular metathesis products suggests that 
multiple reaction pathways are available to precursor 56 (Figure 26b). The observed narrowing of 
the product distribution over time suggests that the formation of 57 is the favored outcome for 
precursor 56. This time course study supports the hypothesis that while a multitude of possible 
intermolecular metathesis products are formed, the reversibility of alkyne metathesis allows these 
intermediates to ‘self-correct’ to 57.  
Figure 26. Time-course of the metathesis reaction of 56 to 57. A broad product distribution was observed at early 
reaction times which indicates the initial formation of oligomeric byproducts which ‘self-correct’ to a discrete product.  
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2.5 Extended Precursor Synthesis and Cage Experiments 
 Due to the number of reactive conformations available for multitopic precursors in alkyne 
metathesis DCC, seemingly small changes in precursor structure can have a large effect on reaction 
outcome. Examples in the literature have demonstrated that extension of precursor arms in alkyne 
metathesis can have a large effect on product distributions. Zhang and coworkers have reported 
that the synthesis of porhphyrin-based organic cages is largely dependent on precursor 
structure.13a,17 While non-extended porphyrin precursors afforded a discrete cage with D4h 
symmetry, simple extension of the reactive arms afforded a complex mixture of products which 
precipitated from the reaction mixture.13a  
 Our group has demonstrated that similar results are obtained with extension of the 
propynyl-arms of tritopic cage precursors (Figure 27). Dr. Anna Yang has reported that extended 
precursors of increasing arm length are able to access alternate products (i.e. dimers) as the arms 
are extended.13c We have also observed significantly altered product distributions for tritopic 
precursors with varying bite-angle, with larger angles leading to broader product distributions in 
AM-DCC.13b Having successfully demonstrated the synthesis of cage 57, we chose to investigate 
Figure 27. Extension of tritopic precursor arms affords alternate reaction products for tetrahedral cage synthesis. 
Image reproduced from Dr. Anna Yang’s Ph.D. dissertation. 
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the effect of precursor structural modifications on reaction outcome. We hypothesized that if 
precursor 56 proceeds to cage via both intra- and intermolecular metathesis pathways, the effects 
of precursor modification (i.e. arm extension) may be less drastic than in previous systems. If 
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Figure 28. Synthesis of extended precursor 61. (a) Extended aldehyde 60 was prepared in 3 steps in good yield. (b) 
Extended precursor 61 was prepared using similar conditions to precursor 56. 
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formation over intermolecular oligomerization pathways even if the structure of precursor is 
altered.  
 To test this hypothesis, we first prepared extended aldehyde precursor 60 (Figure 28 a). 
Tribromide 52 was reacted with 4-(trimethylsilyl)phenylmagnesium bromide via copper-catalyzed 
arylation to afford intermediate 58. Subsequent ipso-iodination with iodine monochloride afforded 
tris-iodide 59, which was coupled with commercial 4-formylphenylboronic acid through Suzuki 
coupling conditions employing Pd(OAc)2/SPhos to afford extended aldehyde precursor 60 in good 
Figure 29. Alkyne metathesis experiments with extended precursor 61 affords extended cage 62. Unlike the 
conversion of 56 to 57, extended cage 62 is produced with a greater proportion of higher molecular weight side 




yield. Trialdehyde 60 was then converted to the extended tris-imine precursor 61 using the same 
conditions for the preparation of 56 (Figure 28 b). Extended precursor 61 maintains good solubility 
in organic solvents.  
 Precursor 61 was initially subjected to alkyne metathesis under the conditions used to 
prepare cage 57. In these initial experiments, 1H NMR and MALDI supported the formation of 
extended cage 62. Analysis of the isolated material by GPC indicated a greater proportion of higher 
molecular weight byproducts than cage 57, with 62 being isolated in ca. 81% purity (Figure 29b). 
As in the case of cage 57, MALDI-MS analysis reveals the presence of a dimeric structure, which 
again may be a catenated cage structure or a metathesis dimer of 61. We hypothesize that the peak 
observed in the GPC trace at ca. 17 minutes retention time may be this dimeric impurity. Our 
previous studies on the synthesis of extended cages have revealed improved conversion to cage is 
achieved by metathesis at high dilution with elevated catalyst loadings.13c We hypothesized that 
similar modifications to the reaction conditions may improve the purity of 62. Precursor 61 was 
then subjected to metathesis at high dilution with increased catalyst loading (Figure 29a, 1 mM 
CCl4 and 15 mol% [Mo]).  Gratifyingly, cage 62 was isolated in 84% yield and an estimated 87% 
purity by GPC analysis. We further decreased the reaction concentration to 0.5 mM in CCl4 and 
increased the catalyst loading to 30 mol% and isolated cage 62 in comparable yield, with only a 
small increase in purity (90% purity by GPC, Figure 29b). These optimization experiments 
demonstrate that extension of the functional alkyne arms in 61 afford a broader product distribution 
than the analogous precursor 57. This is consistent with previous observations that extended cage 





2.6 Considering Pathways Differences in AM of Tritopic vs. Hexatopic Precursors 
These results described above suggest a difference in the pathway for self-assembly of 
tetrahedral cages from both hexatopic and tritopic precursors. Metathesis self-assembly of 
tetrahedral cages from tritopic precursors is a balance between inter- and intramolecular bond 
formations.13c While intermolecular metathesis is required to bring four precursors together, a 
point is reached where intramolecular bond formations must predominate in order to ‘close’ to a 
cage.13c In the case of hexatopic precursors 56 and 61, cage could theoretically form purely from 
intramolecular metathesis steps. The results in Figure 26 suggest, however, that both inter- and 
intramolecular pathways contribute to cage formation and that formation of oligomeric products 
is a reversible process which does not preclude cage formation. It is interesting to note that the 
time course of the metathesis of precursor 56 appears to show the formation of a lower proportion 
of oligomeric material than we have observed in the metathesis of other tritopic precursors. 
Extended precursor 61 also appears to form with less oligomeric material than we have preciously 
observed for extended tritopic precursors. These results suggest that the primary pathway for these 
precursors may be intramolecular metatheses, with intermolecular metathesis also occurring 
reversibly. The effect of precursor extension, however, appears to be consistent with what we have 
observed previously, with reaction pathways being altered to afford additional metathesis products.  
2.7 Leveraging Orthogonality to Selectively Modify Cages 
 The successful synthesis of cages 57 and 62 represents, to the best of our knowledge, the 
first example of imine functionality being tolerated in alkyne metathesis.1,8a,18 These compounds 
also represent one of the few examples of two orthogonal dynamic chemistries being incorporated 
into a cage structure. While these organic cages are intriguing from both a synthetic and structural 
standpoint, the inclusion of two orthogonal bonds offers the possibility for modification of their 
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structure through selective activation of the imine-linked vertex.3 We hypothesized that the 
presence of this orthogonal linkage could be leveraged to impart adaptable behavior to cage 56 
which would allow it to respond to a chemical stimulus. Realization of this goal would demonstrate 
that orthogonal dynamic chemistries can be combined into a single cage and allow for controlled 
modification of its structure. 
 Imine exchange can be catalyzed by both Lewis and Brønsted acid catalysts, and these 
methods have been used in a variety of DCC processes. Lehn and coworkers reported in a seminal 
publication that transimination can be efficiently catalyzed by scandium(III) triflate and performed 
detailed kinetic studies to characterize this reactivity.9c Their observations demonstrated that the 
equilibrium distribution of imines favors the product formed from the most basic amine (Figure 
30). We hypothesized exposing cage 57 to a basic alkyl amine in the presence of Sc(OTf)3 would 
result in its disassembly into a macrocyclic base and a tris-imine vertex. We further envisioned 
that removal of the sacrificial amine would allow for reassembly of the cage structure. Initial 
experiments were conducted with cage 57 under similar conditions reported by Lehn and that we 
have recently reported to be efficient for transimination in complex DCC systems.9c,10b To test the 
feasibility of cage disassembly, we first subjected cage 57 to 4 equiv of cyclopentylamine in 
CDCl3/MeCN-D3 using catalytic Sc(OTf)3 (Figure 31). After stirring overnight at RT, 1H NMR 
analysis of the reaction mixture suggested that 57 had reacted to form macrocycle 63 and tris-
imine vertex 64 (Figure 31). NMR analysis shows a new signal at d8.24 ppm consistent with 
Figure 30. Lehn and coworkers have demonstrated that transimination reactions are efficiently catalyzed be Sc(III). 
Importantly, the equilibrium distribution of imines favors the product formed from the most basic amine. 
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formation of an alkyl imine. A new pair of doublets at d6.74 and d6.58 ppm is also similar in shift 
to monoaniline 55 suggesting the formation of 63.  MALDI-MS analysis supports the formation 
of 63 and 64 and also shows that residual cage is present in the reaction mixture. The results from 
this initial experiment were positive validation that cage 57 could be partially disassembled via 
transimination in the presence of a small amine additive. We were also pleased to observe that the 
formation of oligomeric or insoluble byproducts appeared to be minimal, indicating that the 
Figure 31. Exposing cage 57 to 4 equiv of cyclopentylamine under Sc(OTf)3 catalysis affords a mixture of 




disassembly is well-controlled. With these results in hand we next investigated the effect of 
elevated concentrations of added amine. In order to facilitate efficient removal of amine for re-
assembly studies, we proceeded with n-propylamine as the additive due to its lower boiling point 
(48 oC) than cyclopentylamine (106 oC).  
 Given that an approximately 1:1 ratio of cage 57 to disassembly products was observed 
using 4 equiv of cyclopentylamine, we hypothesized that a higher concentration of amine would 
Figure 32. Exposing cage 57 to 20 equiv of n-propylamine under Sc(OTf)3 catalysis affords disassembly to 63 and 




improve the efficiency of the disassembly process. Cage 57 was then exposed to 20 equiv of n-
propylamine under Sc(OTf)3 catalysis in CDCl3/MeCN-D3 as described above (Figure 32). After 
stirring at RT for 5h, the reaction mixture was analyzed by 1H NMR and MALDI-MS. Remarkably, 
NMR analysis was consistent with disassembly of cage 57 to macrocycle 63 and tris-imine 65 in 
>20:1 ratio. MALDI-MS analysis is also consistent with cage disassembly, showing the presence 
of 63 and 65 (Figure 33).  Residual cage 57 was detected along partial disassembly products in 
which one and two imines have undergone transimination. We then removed residual n-
propylamine via high-vacuum and re-dissolved the crude reaction mixture in CDCl3/MeCN-D3. It 
is important to note that no additional scandium catalyst was added, as the active catalyst is still 
be present in the crude material. After stirring overnight at RT, 1H NMR analysis showed that cage 
57 had been partially reformed in ca. 1.0:0.75 ratio with tris-imine 65 (Figure 32). Addition of 
trifluoroacetic acid and warming the reaction mixture to 40 oC for a further 18 hours did not 
improve the ratio of reassembled cage. A precipitate was also observed which appeared to be 





Figure 33. MALDI-MS analysis of the disassembly reaction mixture using n-propylamine and Sc(OTf)3. Trisimine 65 
and macrocycle 63 were detected along with residual cage 57 and partial cage disassembly products. 
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 We have also demonstrated that Bronsted acid is capable of catalyzing the disassembly of 
cage 57 in the presence of excess n-propylamine. Stirring cage 57 with catalytic TFA under similar 
conditions described above affords the same disassembly products as described in Figure 32 (See 
Figure S9).. Interestingly, this reaction also proceeds rapidly and cage 57 is disassembled in the 
Figure 34. Exposing 57 to Sc(OTf)3 in the presence of MeNH2 affords 62 and 65. (1) starting cage, (2) 
independently prepared imine 65, (3) disassembly reaction mixture, and (4) re-assembled cage reaction. The 




same 5 hour reaction time as observed in the case of reactions performed with Sc(OTf)3. Further 
studies were performed with scandium catalysis, however, owing to the fact that this catalyst is 
not removed via high vacuum and would thus remain in the crude mixture for reassembly studies.  
 With the promising results obtained in studies described above, we were optimistic that the 
reassembly process could be optimized to allow for a complete disassembly-reassembly cycle of 
cage 57. We recognized that even after removal of the remaining amine in the reaction mixture, 
transimination of 63 and 65 to 57 would release 3 equiv of amine which would result in an 
equilibrium of transimination products. We hypothesized that removal of the amine present in the 
reaction mixture would be necessary to fully reassemble cage 57.  Drawing inspiration from alkyne 
metathesis, where 5 Å molecular sieves are used to remove 2-butyne and drive the reaction 
forward, we hypothesized that the amine additive could be removed in a similar fashion. In order 
to maximize the efficiency of removal, we chose to use methylamine for the disassembly process. 
Methylamine is both basic and highly volatile and is available commercially as a THF solution. 
We hypothesized that after removal of the excess MeNH2 via vacuum, re-dissolving the remaining 
residue in the presence of molecular sieves would remove remaining MeNH2 released in the 
transimination of disassembly products to cage 57.  
 To test this hypothesis, 57 was subjected to disassembly conditions as described above. 
Briefly, the cage was dissolved in CDCl3 and a solution of Sc(OTf)3 was added in MeCN-D3 along 
with a solution of MeNH2 in THF and the reaction progress was monitored by 1H NMR and 
MALDI-MS. After stirring for 5 h at RT, 1H NMR analysis of the reaction mixture was consistent 
with disassembly of the cage to macrocycle 62 and imine 65 in a >20:1 ratio of 66 to 57 (Figure 
34 and Figure S7).  The tris-imine 65 was independently synthesized to confirm its assignment in 
the reaction mixture. MALDI-MS analysis of the disassembly reaction is consistent with formation 
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of 62 and also reveals remaining cage 57 (Figure 35). MALDI analysis also suggests the presence 
of partially disassembled cage species as previously observed.   
 Having successfully demonstrated that cage disassembly remained efficient with MeNH2, 
the reaction mixture was then concentrated in vacuo and dried under high vacuum. The residual 
material was then re-dissolved in CDCl3/MeCN-D3 and stirred overnight at RT in the presence of 
5 Å molecular sieves.  Gratifyingly, 1H NMR analysis was consistent with clean reformation of 
cage 57 from the disassembly reaction mixture. MALDI-MS analysis further supports cage 
reassembly with cage 57 being detected as the only product remaining in the reaction mixture.  
Addition of another 20 equivalents of methylamine does induce partial disassembly of the cage for 
a second cycle, however the presence of molecular sieves likely prevents full disassembly as in 
the first cycle. Optimization of a second reassembly/disassembly cycle was not pursued further. 
These experiments demonstrate that the assembly of cage 57 can be performed from different 
starting points via orthogonal dynamic reactions.  This cage structure can be accessed from alkyne 






Figure 35. MALDI-MS (positive ion mode, DCTB matrix) of the disassembly and reassembly reaction mixtures 
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and tris-imine ‘cap.’ Successful synthesis of 57 from both starting points also demonstrates that 
this is the favored outcome in both reaction systems and  suggests that the pathway to cage is free 
of kinetic traps in both reaction systems.  
2.8 Conclusion 
 This chapter describes the preparation of organic molecular cages incorporating two 
orthogonal dynamic bonds. To the best of our knowledge, this work represents the first example 
of orthogonal dynamic chemistry being combined with alkyne metathesis and is the first example 
of imine functionality being tolerated in an AM reaction. The synthesis of cages 57 and 62 is 
realized through alkyne metathesis of a hexatopic precursor incorporating imine functionality. This 
reaction proceeds through formation of products associated with both inter- and intramolecular 
alkyne metathesis, with formation of oligomeric intermediates being a reversible process that does 
not appear to preclude cage formation. Not only does the incorporation of orthogonal dynamic 
chemistry allow for a synthetic strategy to prepare cages of altered symmetry but also imparts them 
with chemical adaptability and a potential handle for synthetic modification. We have 
demonstrated that cage 57 can be reversibly disassembled through selective activation of the imine 
linkages in order to allow for removal and replacement of the imine-linked vertex. This work 
demonstrates a new method for the preparation of cages which can be selectively modified in a 
controlled manner and which can respond to chemical stimuli. We envision that this strategy will 
open new avenues in molecular cage synthesis and allow for selective tuning of the structural 
properties of these molecules for applications in host-guest chemistry and for the construction of 





2.9 Experimental Details and Supporting Information 
2.9.1 General Considerations 
 All reactions were performed in oven (c.a. 165 oC) or flame-dried glassware under an 
atmosphere of dry argon or nitrogen unless otherwise noted. All solvents used were either 
anhydrous commercial grade (Aldrich/Fisher) or purified by a solvent purification system unless 
otherwise noted. Reaction chloroform was filtered through a pad of basic alumina and dried over 
3 Å molecular sieves prior to use.  All alkyne metathesis reactions were conducted in an argon-
filled glovebox in oven-dried glassware, using anhydrous (Aldrich), argon-degassed solvents. All 
reagents were purchased from commercial sources and used without further purification. 
Molybdenum(VI) propylidyne precatalyst A and ligand B were prepared according to published 
literature procedures.8c,19 Molecular sieves (5 Å powdered) were dried in a vacuum oven at 200 oC 
for 5 days prior to use in alkyne metathesis reactions. Chromatographic purifications were 
conducted via MPLC on a Biotage Isolera 1 using Silicycle SiliaSep cartridges (230-400 mesh, 
40-63 μm). Column separation conditions are reported in column volumes (CV) of gradient solvent 
mixtures. Analytical gel permeation chromatography (GPC) was performed in THF on a Tosoh 
Ecosec HLC8320GPC at 40oC equipped with a reference column (6.0 mm ID x 15 cm), guard 
column (6.0 mm ID x 4.0 cm x 5 µm) and two analytical columns (7.8 mm ID x 30 cm x 5 µm). 
The reference flowrate was set to 0.5 mL/min and the analytical column flowrate set to 1.0 
mL/min. 1H and 13C nuclear magnetic resonance spectra (NMR, 500 MHz) were recorded at room 
temperature (298 K) and chemical shifts were referenced to the residual solvent peak. Matrix-
assisted laser desorption/ionization (MALDI) mass spectrometry was performed on a Bruker 
Daltonics UltrafleXtreme MALDI using DCTB matrix. MALDI spectra and GPC traces were 
plotted using OriginPro 2018 software. GPC traces were normalized by area and baseline 
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corrected. 1H and 13C NMR were processed using MestReNova software v12.0.4-22023. Reported 
yields are of isolated material which in some cases were corrected for trace residual solvent. 
2.9.2 Synthesis and Characterization of Compounds 
1,3,5-tribromobenzyl-2,4,6-triethylbenzene (52): In a 500 mL round bottom flask equipped with 
stirbar, ZnBr2 (41.08 g, 182.4 mmol, 3 equiv) and paraformaldehyde (16.4 g, 546.1 
mmol, 9 equiv) were combined and dissolved in AcOH (100 mL). 1,3,5-
triethylbenzene (11.5 mL, 60.8 mmol, 1 equiv) was added, followed by HBr (33% w/w in AcOH, 
100 mL). The flask was sealed with a glass stopper and the joint was wrapped with electrical tape. 
The mixture was then heated to 100 oC overnight behind a blast-shield. The reaction mixture was 
briefly cooled and poured over ice to afford a brown precipitate. After diluting the mixture with 
water and stirring briefly, the brown precipitate was vacuum filtered and washed thoroughly with 
methanol (ca. 300 mL) and dried under vacuum to afford 7 as a white powder (20 g, 45.3 mmol, 
75% yield).  
1H NMR (500 MHz, CDCl3):  δ 4.58 (s, 6H), 2.95 (q, J = 7.6 Hz, 6H), 1.35 (t, J = 7.7 Hz, 9H). 
13C NMR (126 MHz, CDCl3):  δ 145.15, 132.81, 28.70, 22.90, 15.76. 
HRMS (EI+): C15H21Br3 [M+] calcd 437.9193, found 437.9190. 
 1-bromo-4-(prop-1-yn-1-yl)benzene (67): In a flame-dried 500 mL round bottom flask equipped 
with stirbar, 1-bromo-4-iodobenzene (15 g, 53 mmol, 1 equiv), Pd(PPh3)2Cl2 (1.86 g, 
2.65 mmol, 5 mol%) and CuI (1 g, 5.3 mmol, 10 mol%) were combined and the reaction 
flask was backfilled three times with argon. Toluene (130 mL) and Et3N (130 mL) were 
then added and the mixture was stirred briefly. The reaction mixture was then cooled to -78 oC 
using a dry ice/acetone bath and propyne gas was added to the reaction mixture. (Note: excess 











the reaction from a small lecture bottle via an 18-gauge metal needle with an argon balloon as 
pressure release. The gas was added in approximately 4 ten-second bursts.) The reaction mixture 
was allowed to stir at -78 oC for 5 minutes after which the bath was removed, and the mixture was 
stirred at RT for 24 hours. The dark black reaction mixture was then filtered through a short plug 
of silica gel with Et2O and DCM and concentrated directly onto silica gel. The reaction was 
purified via silica gel flash chromatography with a gradient of 2 CV hexane to 2 CV 1% 
EtOAc/Hexane (CV = column volume) to afford 2 as a clear yellow oil (8.38 g, 42.9 mmol, 81% 
yield). 
1H NMR (500 MHz, CDCl3): δ 7.41 (d, J = 8.4 Hz, 2H), 7.24 (d, J = 8.4 Hz, 2H), 2.03 (s, 3H). 
13C NMR (126 MHz, CDCl3): δ 133.09, 131.54, 123.14, 121.72, 87.26, 78.91, 4.48. 
HRMS (EI+): C9H7Br [M+] calcd 193.9731, found 193.9737. 
4,4'-((5-(bromomethyl)-2,4,6-triethyl-1,3-phenylene)bis(methylene))bis(prop-1-yn-1-
ylbenzene) (53): In a 100 mL round bottom flask with stirbar, magnesium turnings (881 mg, 36.24 
mmol, 4 equiv) were flame-dried under vacuum. The flask was backfilled 
with argon and a small amount of I2 in THF (36 mL) was added and stirred 
at RT for 5 min, after which 67 (3.5 g, 18.12 mmol, 2 equiv) was added 
portion-wise. The resulting green/brown solution was stirred for 15 minutes 
at RT then at 70oC for two hours. In a separate flame-dried 200 mL round-
bottom flask, 52 (4 g, 9.06 mmol, 1 equiv) and CuBr(SMe)2 (372.5 mg, 1.8 
mmol, 0.2 equiv) were combined and the flask was purged with N2 for 15 minutes. THF (54 mL) 
was then added, and the Grignard solution of 8 was added via cannula while stirring at 70 oC and 
the resulting mixture was stirred overnight at 70 oC. The reaction was quenched slowly with 50 








extracted 1x with DCM. The combined organic layers were dried with Na2SO4, filtered through 
silica and then concentrated onto silica. The reaction mixture was purified via silica gel flash 
column chromatography using a gradient of 1 CV 7% DCM/hexanes, 2 CV 10% DCM/hexanes, 
2 CV 15% DCM/hexanes, 2 CV 20% DCM/hexanes, 2 CV 30% DCM/hexanes to afford 
compound 53 as a white solid (639.06 mg, 1.25 mmol, 14% yield). Note: compound 53 coelutes 
with an unknown impurity which appears to be an isomer.  The isolated material can be carried 
forward and further purified after conversion to 55. 
1H NMR (500 MHz, CDCl3): δ 7.26 (d, J = 8.4 Hz, 4H), 6.88 (d, J = 8.0 Hz, 4H), 4.66 (s, 2H), 
4.08 (s, 4H), 2.71 (q, J = 7.3 Hz, 4H), 2.37 (q, J = 7.5 Hz, 2H), 2.03 (s, 6H), 1.18 (t, J = 7.6 Hz, 
6H), 0.97 (t, J = 7.5 Hz, 3H). 
13C NMR (126 MHz, CDCl3): δ 144.11, 142.23, 140.52, 134.30, 131.69, 127.80, 121.64, 85.41, 
79.75, 34.53, 30.54, 23.93, 23.28, 15.60, 14.97, 4.47.	
HRMS (EI+): C33H35Br [M+] calcd 510.1922, found 510.1930. 
4-(2,4,6-triethyl-3,5-bis(4-(prop-1-yn-1-yl)benzyl)benzyl)aniline (55): In an oven-dried 40 mL 
reaction vial equipped with a septum-cap and a stirbar, magnesium 
turnings (126 mg, 5.2 mmol, 4 equiv) were dried under vacuum with 
a heat gun. After cooling to room temperature and backfilling with 
argon, THF (6.5 mL) was added followed by 50 µL of 1,1-
dibromoethane and the mixture was stirred for five minutes. 4-
Bromo-N,N-bis(trimethylsilyl)aniline (0.75 mL, 2.65 mmol, 2 equiv, Aldrich) was then added in 
one portion and the mixture was stirred briefly at room temperature then at 70 oC for 1 hour. In a 
separate oven-dried reaction vial, 53 (665 mg, 1.3 mmol, 1 equiv) and CuI (25 mg, 0.115 mmol, 






followed by the Grignard solution and the mixture was stirred overnight at 70 oC. The reaction was 
quenched with 1M HCl (10 mL) and stirred vigorously for one hour. After diluting with 50 mL of 
1M NaOH and extracting 3x with EtOAc,  the combined organic layers were washed with brine, 
dried with Na2SO4 and filtered through a short silica plug. The mixture was then concentrated onto 
silica gel and purified via silica gel flash chromatography using a gradient of 10%-15%-20%-25%-
30%-40%-50%-100% Et2O/pentane. The purified product was isolated as an off-white foam 
(485.3 mg, 0.92 mmol, 71% yield). 
1H NMR (500 MHz, CDCl3):  δ 7.26 (d, J = 8.1 Hz, 4H), 6.90 (d, J = 8.0 Hz, 4H), 6.76 (d, J = 
8.1 Hz, 2H), 6.59 (d, J = 8.3 Hz, 2H), 4.10 (s, 4H), 4.01 (s, 2H), 3.53 (s, 2H), 2.41 (dq, J = 21.6, 
7.5 Hz, 6H), 2.03 (s, 6H), 1.03 (dt, J = 12.5, 7.4 Hz, 9H).	
13C NMR (126 MHz, CDCl3): δ144.27, 141.51, 141.23, 141.12, 134.72, 133.65, 131.58, 131.32, 
128.63, 127.82, 121.39, 115.43, 85.24, 79.84, 34.63, 33.84, 23.78, 15.31, 15.26, 4.48. 
HRMS (ESI) m/z: C39H42N [M+H]+ calculated 524.3317, found 524.3301. 
4,4',4''-((2,4,6-triethylbenzene-1,3,5-triyl)tris(methylene))tribenzaldehyde (54): In a round 
bottom flask, magnesium turnings (659 mg, 27.12 mmol, 12 equiv) 
were flame dried under vacuum and the flask was backfilled with 
argon. THF (45 mL), dibromoethane (50 µL) and 4-
bromobenzaldehyde dimethyl acetal (2.3 mL, 13.6 mmol, 6 equiv) 
were sequentially added and stirred at 70 oC for 2 hours. In a separate 
flame-dried round bottom flask, 52 was added and the flask was backfilled x2 with argon. THF 
(23 mL) and Li2CuCl4 (0.1 M/THF, 4.5 mL, 0.45 mmol, 0.2 equiv) were added. The Grignard 
solution was added, and the reaction was stirred overnight at 70 oC. The reaction was then slowly 








separated and the organic layer extracted x3 with Et2O, then dried with Na2S2O4, filtered and 
concentrated onto silica gel. The crude reaction was purified using silica gel flash chromatography 
using an acetone/hexanes gradient. Compound 54 was isolated as a white solid (625.18 mg, 1.21 
mmol, 54% yield). 
1H NMR (500 MHz, CDCl3):  δ 9.97 (s, 3H), 7.79 (d, J = 8.2 Hz, 6H), 7.17 (d, J = 7.9 Hz, 6H), 
4.23 (s, 6H), 2.42 (q, J = 7.5 Hz, 6H), 1.05 (t, J = 7.5 Hz, 9H). 
13C NMR (126 MHz, CDCl3): δ 191.93, 148.87, 141.82, 134.80, 133.50, 130.14, 128.45, 35.17, 
23.98, 15.18. 
HRMS (ESI) m/z: C36H37O3 [M+H]+ 517.2743; Found 517.2720. 
 (1E,1'E,1''E)-1,1',1''-(((2,4,6-triethylbenzene-1,3,5-triyl)tris(methylene))tris(benzene-4,1-
diyl))tris(N-methylmethanimine) (66): In a 1-dram vial, aldehyde 54 (25 mg, 43 µmol, 1 equiv) 
was dissolved in CHCl3 and a small drop of glacial acetic acid 
was added. To the solution was then added methylamine (2M 
in THF, 0.65 mL, 1.29 mmol, 30 equiv) and the reaction was 
stirred overnight at room temperature. The mixture was then 
filtered through a small plug of neutral alumina, and dried with 
Na2SO4. After filtration, the mixture was concentrated to dryness and dried under vacuum to afford 
6 as an off-white foam (31.6 mg, quantitative yield). 
1H NMR (500 MHz, CDCl3) δ 8.23 (d, J = 1.8 Hz, 3H), 7.58 (d, J = 8.0 Hz, 6H), 7.03 (d, J = 8.0 
Hz, 6H), 4.16 (s, 6H), 3.49 (d, J = 1.6 Hz, 9H), 2.42 (q, J = 7.5 Hz, 6H), 1.06 (t, J = 7.4 Hz, 9H).	













HRMS (ESI): Compound 66 appears to be unstable and decompose during ESI analysis. 
Aldehyde 1 was detected (517.2717, [M+H]+) as well as the mono-imine  (C37H40NO2 [M+H]+ 
calcd 530.3059, found 530.3024) and a mass of 544.2839 which may be the bis-imine isomer 
(C38H43N2O [M+H]+ calcd 543.3375). 
1E,1'E,1''E)-1,1',1''-(((2,4,6-triethylbenzene-1,3,5-triyl)tris(methylene))tris(benzene-4,1-
diyl))tris(N-(4-(2,4,6-triethyl-3,5-bis(4-(prop-1-yn-1-yl)benzyl)benzyl)phenyl)methanimine)  
(56): In a 20 mL reaction vial equipped with a stir 
bar and a septum-topped cap, compound 55 (517.47 
mg, 0.98 mmol, 4.35 equiv) and 54 (0.22 mmol, 
117.3 mg, 1 equiv) were combined along with 4 Å 
MS (200 mg) and dissolved in CHCl3 (1.1 mL) and 
EtOH (1.1 mL). Acetic acid (2.0 µL, 34.1  µmol, 15 
mol%) was added and the mixture was stirred at 55 
oC overnight. The mixture was diluted with chloroform and filtered through a 0.45 µm PTFE 
syringe filter into a 40 mL vial. MeOH (ca. 35 mL) was then added which resulted in the formation 
of a white precipitate. The mixture was vortexed thoroughly and the solid was collected via 
vacuum filtration through a 0.45 µm nylon membrane filter. The solid was washed thoroughly 
with methanol, followed by a 30% CHCl3/MeOH solution and finally methanol. The solid was 
dried under vacuum to afford an off-white solid which was re-dissolved in minimal CHCl3.  
Ethanol (ca. 35 mL) was added to re-precipitate. The solid was again collected via vacuum 
filtration and washed thoroughly with ethanol (ca. 50 mL), followed by a 30% CHCl3/EtOH 
solution and finally ethanol. The material was dried under vacuum to afford 56 as an off-white 















freezer over Drierite.  Note: NMR/MALDI-analysis indicate the presence of a bis-imine isomer 
and trace residual 55. The purity of 56 was determined to be 96% by 1H NMR. 
1H NMR (500 MHz, CDCl3): δ 8.41 (s, 3H), 7.79 (d, J = 8.0 Hz, 6H), 7.26 (d, J = 8.1 Hz, 12H), 
7.15 – 7.05 (m, 12H), 6.98 (d, J = 8.2 Hz, 6H), 6.90 (d, J = 8.0 Hz, 12H), 4.21 (s, 6H), 4.12 (s, 
6H), 4.10 (s, 12H), 2.43 (tt, J = 15.5, 7.6 Hz, 24H), 1.99 (s, 18H), 1.08 (t, J = 7.4 Hz, 9H), 1.06 – 
0.97 (m, 27H). 
13C NMR (126 MHz, CDCl3):  δ 159.59, 150.05, 145.17, 141.65, 141.52, 141.40, 141.17, 139.17, 
134.43, 134.23, 133.79, 131.62, 129.03, 128.56, 128.26, 127.81, 121.46, 121.05, 85.29, 79.82, 
34.94, 34.67, 34.35, 23.92, 23.85, 23.82, 15.27, 15.26, 4.45.	
MS-MALDI-TOF (DCTB matrix) m/z: C153H154N3 [M+H+] calcd 2033.21, found 2033.16.	
General Procedure for Synthesis of Imine/Alkyne Cage (57): In an argon-filled glovebox, 
precursor 56 (100 mg, 49 µmol, 1 equiv) was weighed into an oven-dried 40 mL reaction vial 
equipped with a septum cap. 5 Å MS (300 mg, 1g/mmol of propynyl functionality) were then 
added, followed by 14 mL of CCl4. In a separate oven-dried 2-dram vial, molybdenum precatalyst 
A (3.3 mg, 4.9 µmol, 10 mol%) and triphenol ligand B (2.3 mg, 4.9 µmol, 10 mol%) were 
combined in 2 mL CCl4. Both solutions were stirred for 30 minutes at room temperature. To the 
solution of precursor 56 was then added the catalyst solution via Pasteur pipette, and the reaction 
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23 hours). The reaction was removed from the glovebox and filtered through a small plug of neutral 
alumina with excess CHCl3. The mixture was concentrated in-vacuo and the resulting solid was 
dissolved in CHCl3 and filtered through a small plug of Celite into a 40 mL vial. The solution was 
then concentrated and the residue dissolved in minimal (ca. 2 mL) CHCl3. Excess ethanol (ca. 35 
mL) was then added to afford a fine white precipitate. The solid was collected via filtration through 
a 0.45 µm nylon membrane filter and washed with ethanol and a solution of 30% CHCl3/EtOH 
and finally methanol. The resulting off-white solid was dried under high-vacuum to afford cage 
57 as a beige solid (80% average yield, 96% purity by GPC, average of two runs).  
Run 1: 75.9 mg, 0.0406 mmol, 83% yield; Run 2: 69.5 mg, 0.0372 mmol, 76% yield. 
1H NMR (500 MHz, Chloroform-d): δ 8.54 (s, 3H), 7.86 (d, J = 7.9 Hz, 6H), 7.45 (d, J = 8.0 Hz, 
12H), 7.25 (d, J = 6.4 Hz, 6H), 7.19 (d, J = 7.9 Hz, 6H), 7.07 (d, J = 8.1 Hz, 6H), 7.02 (d, J = 8.0 
Hz, 12H), 4.20 (s, 6H), 4.14 (s, 18H), 2.57 – 2.34 (m, 24H), 1.24 – 1.15 (m, 36H). 
13C NMR (126 MHz, CDCl3): δ 158.22, 149.05, 144.60, 141.67, 141.59, 141.45, 141.26, 139.09, 
134.70, 134.04, 133.59, 133.45, 131.88, 129.13, 128.37, 128.10, 127.66, 121.61, 121.10, 89.31, 
35.17, 34.82, 34.55, 23.93, 23.81, 15.13, 15.10, 14.99. 






Figure 36.  MALDI-TOF spectrum of isolated cage 57 (positive ion mode, DCTB matrix).  
 
Figure 37. GPC traces of precursor 56 and isolated cage 57. Percent purity of 57 was 
estimated by dividing the peak integration of higher molecular weight species (~17 min) 
by the total peak integration from retention time of 16- 18 minutes. Traces were 




carbaldehyde) (60): In a 20 mL reaction vial equipped with a stirbar and a septum-topped cap, 
triiodide 5914 (405.2 mg, 0.5 mmol, 1 equiv.), Pd(OAc)2 
(16.8 mg, 0.075 mmol, 15 mol%), SPhos (61.6 mg, 0.15 
mmol, 30 mol%), 4-formylphenylboronic acid (337.3 
mg, 2,25 mmol, 4.5 equiv.) and K3PO4 (637 mg, 3 mmol, 
6 equiv.) were combined and the vial was 
vacuum/backfilled with argon twice. Toluene (8 mL) and 
H2O (1.5 mL, nanopore) were added and the mixture was stirred at 80 oC overnight. The reaction 
mixture was then transferred to a separatory funnel and diluted with Et2O and washed with brine. 
The mixtire was dried with Na2SO4, filtered through a small plug of silica and concentrated on to 
silica gel. Purification via flash chromatography with EtOAc/hexanes afforded trialdehyde 60 as 
an off-white solid (300 mg, 0.386 mmol, 77% yield). 
1H NMR (500 MHz, CDCl3) δ 10.04 (s, 3H), 7.92 (d, J = 8.3 Hz, 6H), 7.73 (d, J = 8.3 Hz, 6H), 
7.56 (d, J = 8.2 Hz, 6H), 7.15 (d, J = 8.0 Hz, 6H), 4.23 (s, 6H), 2.52 (q, J = 7.4 Hz, 6H), 1.14 (t, J 
= 7.4 Hz, 9H). 
13C NMR (126 MHz, CDCl3):  δ 191.96, 147.03, 142.09, 141.61, 137.31, 135.14, 133.84, 130.36, 
128.53, 127.51, 127.47, 34.52, 23.98, 15.34. 










Extended imine/alkyne precursor 
(61): In a 20 mL reaction vial, 
trialdehyde precursor 60 and aniline 55 
were combined along with 200 mg of 
powdered 4 Å molecular sieves. CHCl3 
(2.1 mL) and ethanol (1.1 mL) were then 
added followed by AcOH (2 µL). The 
mixture was then stirred at 60oC 
overnight. The mixture was then diluted 
with chloroform and filtered through a 0.45 µm PTFE syringe filter, rinsing with chloroform. 
Excess methanol (c.a. 35 mL) was then added resulting in a white precipitate. After vortexing the 
solution, the precipitate was collected via vacuum filtration through a 0.45 µm nylon filter. The 
solid was then washed with methanol, followed by a solution of 30% CHCl3 in methanol, and 
finally washed with methanol. The solid was dried under vacuum and then re-dissolved in minimal 
chloroform and re-precipitated from methanol and filtered and washed as described above. The 
solid was then dried under high vacuum and collected to afford 61 as a pale-yellow solid (314.2 
mg, 0.139 mmol, 61% yield). 
1H NMR (500 MHz, CDCl3):δ 8.48 (s, 3H), 7.93 (d, J = 8.2 Hz, 6H), 7.68 (d, J = 8.1 Hz, 6H), 
7.57 (d, J = 7.9 Hz, 6H), 7.27 (d, J = 8.3 Hz, 12H), 7.14 (t, J = 7.5 Hz, 12H), 7.00 (d, J = 8.1 Hz, 
6H), 6.91 (d, J = 7.9 Hz, 12H), 4.23 (s, 6H), 4.14 (s, 6H), 4.11 (s, 12H), 2.54 (q, J = 7.1 Hz, 6H), 
















13C NMR (126 MHz, CDCl3): δ 159.36, 149.93, 143.76, 141.59, 141.51, 141.42, 141.34, 141.14, 
139.35, 137.92, 135.25, 134.20, 133.93, 133.80, 131.61, 129.31, 128.58, 128.42, 127.81, 127.30, 
121.46, 121.10, 85.31, 79.81, 34.67, 34.53, 34.36, 23.85, 15.36, 15.29, 15.27, 4.47. 
MALDI-MS (DCTB Matrix) m/z: [M + H]+ calculated for C171H166N3 2261.31; Found 2261.3. 
Extended imine/alkyne cage (62): Following the  general procedure for the preparation of cage 
57, precursor 61 (50 mg, 22.1 µmol, 1 equiv) was reacted with 
[Mo] precatalyst A (2.2 mg, 3.31 µmol, 15 mol%), ligand B (1.5 
mg, 3.31 µmol, 15 mol%) in the presence of 5 Å molecular 
sieves (133 mg) in CCl4 (1 mM total concentration) at 40oC to 
afford cage 62 (44.1 mg, 18.5 µmol, 84% yield, 87% purity by 
GPC).  
1H NMR (500 MHz, CDCl3): δ 8.54 (s, 3H), 7.96 (d, J = 8.2 Hz, 6H), 7.71 (d, J = 8.2 Hz, 6H), 
7.61 (d, J = 8.0 Hz, 6H), 7.47 (d, J = 8.0 Hz, 12H), 7.23 (d, J = 8.2 Hz, 6H), 7.13 (dd, J = 13.9, 
8.1 Hz, 12H), 7.05 (d, J = 8.0 Hz, 12H), 4.28 – 4.07 (m, 24H), 2.61 – 2.35 (m, 24H), 1.30 (t, J = 
7.0 Hz, 6H), 1.20 (dt, J = 17.0, 7.4 Hz, 27H).	
13C NMR (126 MHz, CDCl3): δ 159.21, 149.97, 143.68, 141.66, 141.31, 140.89, 138.95, 137.97, 
135.30, 133.94, 133.48, 131.92, 129.33, 128.35, 128.28, 127.66, 127.36, 127.29, 121.38, 121.17, 
89.50, 77.16, 34.91, 34.72, 34.22, 23.89, 15.48, 15.11, 14.94. 






































Figure 38. MALDI-MS spectrum of isolated cage 62 (positive ion mode, DCTB matrix). 
 
Figure 39. GPC analysis of the alkyne metathesis of 61 to 62. Percent purity of 62 was estimated by dividing the 
peak integration of higher molecular weight species (~17 min) by the total peak integration from retention time of 




2.9.3 Reaction Time-Course Experiments 
Following the general procedure for synthesis of cage 57, precursor 56 (50 mg, 24.5 µmol, 
1 equiv) was reacted with [Mo] precatalyst A (1.6 mg, 2.45 µmol, 10 mol%) and ligand B (2.45 
µmol, 1.1 mg, 10 mol%) in 8.2 mL CCl4 (3 mM) at 40oC in an argon-filled glovebox. Aliquots 
(200 µL) were removed at the appropriate timepoints and placed in sealed, air-filled ½ dram vials 
to quench. The aliquots were dried under high vacuum to remove CCl4 and diluted with 1 mL of 
THF. After filtration through a 0.45 µm syringe filter, the samples were analyzed by GPC to 
characterize the product distribution.  
 
 
Figure 40. GPC time course of the AM reaction of precursor 57. Note the formation of higher molecular weight 
oligomeric products which are gradually consumed over extended reaction times. Traces were normalized by area. 
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2.9.4 Cage Disassembly and Reassembly Experiments 



















Cage Disassembly: In a 1-dram reaction vial, cage 57 (29.7 mg, 15.8 µmol, 1 equiv) was dissolved 
in CDCl3 (3 mL, 5 mM) and stirred for five minutes to dissolve. In an argon-filled glovebox, 
Sc(OTf)3 (6.2 mg, 12.7 µmol, 80 mol%, 4 mol% relative to MeNH2)6 was weighed into a ½ dram 
vial, removed from the glovebox and dissolved in MeCN-D3 (160 µL). To the solution of cage 57 
was then added MeNH2 as a 2M THF solution (160 µL, 0.318 mmol, 20 equiv), followed by the 
MeCN solution of Sc(OTf)3. The mixture was stirred vigorously for 5 h at RT. Note: some 
cloudiness was observed in the reaction mixture. After stirring for 5 h, a 100 µL aliquot was 
removed from the reaction mixture, diluted with 500 µL CDCl3 and analyzed by 1H NMR and 
MALDI-MS. The reaction mixture was then transferred to a 20 mL vial with CDCl3 and 
concentrated in vacuo. The solid was dried under high-vacuum for 1 h to remove residual MeNH2. 
Cage Reassembly: The residue was re-dissolved in 4.8 mL of CDCl3 and 0.52 mL of MeCN-D3 















































were added. The solution was stirred overnight at RT (ca. 17 hours), at which point a 150 µL 
aliquot was filtered through a small plug of neutral alumina, concentrated to dryness, diluted with 
600 µL of CDCl3 and analyzed by 1H NMR and MALDI-MS. (Note: the cage used for these 
experiments was prepared using a ligand similar to Ligand B, see ref. 8e). 
 




Figure 41. (1) 1H NMR of Cage 57. (2) 1H NMR of independently synthesized imine 66; NMR shown was recorded 
in a solvent mixture of CDCl3/THF-D8/MeCN-D3 in similar proportions to that used in disassembly reaction 
conditions. (3) 1H NMR analysis of the disassembly reaction mixture. Comparison to authentic standard allows for 
assignment of 66. The remaining peaks have been assigned to macrocycle 62. (4) 1H NMR analysis of reassembly 
reaction mixture. The sample was filtered through a small plug of neutral alumina and concentrated to dryness before 
analysis.  
CDCl3 
(4) Reassembly Reaction Mixture 
62 (3) Disassembly Reaction Mixture 
62 
66 62 62 66 66 
(1) Cage 57 

















































Figure 42. 1H NMR spectra of disassembly/reassembly. Spectra were zoomed-in for clarity. Mestrenova GSD integration mode used 


























































































































































































































































































































































































































Figure 43. MALDI-MS analysis of the disassembly (top) using MeNH2/Sc(OTf)3 and 
of the reassembly reaction mixture (bottom). MALDI analysis of the disassembly 
reaction mixture indicates the presence of partially disassembled cage species and 
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B. Cage Disassembly Using Trifluoroacetic Acid (TFA) 
 
 In a 20 mL reaction vial, cage 57 (16.9 mg, 9 µmol, 1 equiv) was dissolved in CDCl3 (2 mL, 
5 mM) and stirred until dissolved. To the solution was then added n-propylamine (15 µL, 0.18 
mmol, 20 equiv), followed by TFA (0.2 µL, 2.7 µmol, 30 mol%). The mixture was then stirred 
vigorously at room temperature for 5 hours. After 5 h, a 50 µL aliquot was removed, diluted with 


















Figure 44. Expanded aromatic region of the 1H NMR spectra of cage 57 (bottom) and disassembly reaction mixture 

















































2.9.5 NMR Spectra 
 





















































































(1H NMR, CDCl3, 500 MHz) 
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 (1H NMR, CDCl3, 500 MHz) 
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 (13C NMR, CDCl3, 126 MHz) 
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 (1H NMR, CDCl3, 500 MHz) 
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{6 .9 1 ,7 .0 4 }
{7 .0 1 ,6 .8 8 }
{2 .3 3 ,0 .9 4 } {2 .3 1 ,0 .9 4 }
{2 .3 7 ,0 .9 6 }{2 .3 9 ,0 .9 7 }
{0 .9 7 ,2 .3 5 } {0 .9 4 ,2 .3 6 }
{1 .0 2 ,2 .3 9 }
{7 .7 1 ,7 .0 4 }













































{6 .9 1 ,7 .0 4 }
{7 .0 1 ,6 .8 8 }
{7 .1 8 ,6 .8 3 }
{7 .7 1 ,7 .0 4 }
{6 .8 3 ,7 .1 8 }
{7 .0 4 ,7 .7 2 }
CDCl3 














































{7 .2 7 ,1 3 1 .4 4 }
{7 .8 0 ,1 2 9 .1 0 }
{6 .9 9 ,1 2 8 .5 2 }
{7 .1 1 ,1 2 1 .2 5 }
{4 .2 2 ,3 4 .8 6 } {4 .1 2 ,3 4 .5 9 }
{2 .4 5 ,2 3 .7 1 }
{1 .0 4 ,1 5 .1 6 }
{1 .0 9 ,1 4 .9 9 }













1H-13C HSQC Spectrum of precursor 56 (CDCl3, 500 MHz). The crosspeak of Hc was outside the 


























{7 .2 7 ,1 3 1 .4 4 }
{7 .8 0 ,1 2 9 .1 0 }
{6 .9 9 ,1 2 8 .5 2 }
{7 .1 2 ,1 2 8 .1 4 }
{6 .9 2 ,1 2 7 .6 2 }
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 (1H NMR, CDCl3, 500 MHz) 
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{7 .1 8 ,7 .8 6 }
{7 .0 1 ,7 .4 5 }
{7 .8 5 ,7 .1 8 }
{7 .2 6 ,7 .0 6 }
{1 .1 7 ,2 .4 2 }




























































{7 .1 8 ,7 .8 6 }
{7 .0 1 ,7 .4 5 }
{7 .0 6 ,7 .2 5 }
{7 .8 5 ,7 .1 8 }
{7 .2 6 ,7 .0 6 }
{7 .4 4 ,7 .0 1 }
b g f 



















































{8 .5 7 ,1 5 8 .6 1 }
{7 .4 5 ,1 3 1 .9 1 }
{7 .8 7 ,1 2 9 .3 9 }
{7 .0 7 ,1 2 8 .3 8 }
{7 .2 6 ,1 2 1 .8 7 }
{4 .2 1 ,3 4 .9 2 } {4 .1 5 ,3 4 .8 3 }
{2 .4 9 ,2 3 .8 7 }































































{8 .5 7 ,1 5 8 .6 1 }
{7 .4 5 ,1 3 1 .9 1 }
{7 .8 7 ,1 2 9 .3 9 }
{7 .0 7 ,1 2 8 .3 8 }
{7 .1 9 ,1 2 8 .0 3 }
{7 .0 2 ,1 2 7 .7 0 }
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CHAPTER 3: STUDIES ON THE SELF-ASSEMBLY OF MOLECULAR LADDERS 
3.1 Introduction 
While DCC processes are often understood from the perspective of thermodynamic principles,1 
a number of examples also suggest that kinetic parameters are important and cannot always be 
overlooked.2 Specifically, the multitude of reaction pathways and reactive conformations available 
in multitopic DCC can result in a complex reaction network which must be navigated in order to 
successfully proceed from starting material to product.1b  
As outlined in Section 1.1, the differences in reaction energy landscapes in multitopic DCC 
can be visualized through two contrasting extremes (Figure 45).2b,3 Sanders and coworkers have 
performed detailed studies on the self-assembly  of hydrazone macrocycles which further elucidate 
these contrasting regimes. Thermodynamic control is characterized by a ‘smooth’ landscape from 
which the thermodynamic minimum can be accessed from any point on the reaction coordinate 
(Figure 45a).2f,2g,4 For a system under true thermodynamic control, this means that the same 
product (or product distribution) can be obtained from any intermediate or reaction product. A 
Figure 45. Two contrasting energy landscapes in multitopic DCC. (a) True thermodynamic control results from a 
‘smooth’ energy landscape from which the same product distribution is obtained from any starting point. (c) A 
‘rough’ energy landscape can result in the formation of kinetic traps which are no longer dynamic.  Figure partially 
adapted from references  
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contrasting ‘rough’ energy landscape is also possible, in which kinetic traps and local energy 
minima afford products no longer dynamic under the reaction conditions (Figure 45b). A 
trademark of a system or structure which is kinetically trapped is that it will not undergo exchange 
under the reaction conditions.  This type of an energy landscape can result in unexpected products 
which would not be initially expected simply through consideration of thermodynamics. Studies 
from our own group and others on kinetic trapping and the effects of precursor structure on reaction 
outcome have motivated us to further investigate these effects in alkyne metathesis DCC.2a-c,2e  
We became particularly inspired by work from our own group and that of Scott and coworkers 
on the synthesis of 2D molecular ‘ladders’ via dynamic imine exchange (see Section 1.3.2, Figure 
13).2c,5 These systems allow for self-assembly of complementary oligomeric strands into aligned 
ladder structures through dynamic imine exchange. We have previously demonstrated that ladder 
formation for m-phenylene ethynylene based precursors becomes kinetically trapped at four 
rungs.2c This means the assembly of any ladder longer than four rungs must proceed through a 4-
rung intermediate that becomes kinetically trapped and can no longer self-correct to the discrete 
ladder. This was supported through dynamic mixing experiments in which two differentially 
labeled ladder structures were subjected to imine exchange conditions which afforded only trace 
Figure 46. (a) Self-assembly of molecular ladders has previously been achieved through dynamic imine exchange. 
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ladder species as detected by MALDI-MS (Figure 46b). Scott and coworkers have also reported 
the synthesis of 2D molecular ladders through dynamic imine exchange.5b,5c Up to 16-rung 
molecular ladders were possible in this system through the use of a peptoid-based precursor 
structure, the flexibility of which was proposed to promote more facile self-correction to the 
aligned ladder.5c    
Based on these studies, we pursued the development a system to study the self-assembly of 
molecular ladders via alkyne metathesis. The main question that this study aims to address is: at 
how many connections do molecular ladders become kinetically trapped in dynamic alkyne 
metathesis? We also envisioned that this system would further highlight the effects of precursor 
structure on reaction pathways and allow us to further study the nature of kinetic traps in AM-
DCC.2e 
3.2 Synthesis of Oligomeric Precursors 
 In order to study the self-assembly of molecular ladders via alkyne metathesis, we 
identified a number of criteria which would need to be considered in our synthetic approach for 
appropriate precursors. First, the method must allow for controlled synthesis of precursors with a 
defined number of alkyne units. Second, the synthesis must be reasonably efficient and allow for 
preparation of useful amounts of material. Finally, the precursor oligomer backbone must be 
functionally compatible with alkyne metathesis. We also hypothesized that, as previously reported 
by Scott and coworkers, enhanced flexibility of the precursor backbone would allow for more 
efficient correction to the desired ladder.5c With these considerations in mind, we developed a 
iterative esterification strategy which allows for efficient construction of linear precursors of 
defined length.  
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 The synthesis of ladder precursors begins with monoreduction of commercially available 
iodopthalate 68 to benzylic alcohol 69 (Figure 47). After installation of the base-stable THP 
protecting group (70), Sonogashira coupling with propyne gas affords the propynylated ester 71. 
Hydrolysis of the methyl ester produces 72 which is the repeat unit for oligomer synthesis. A 
portion of this material is then coupled with triethyleneglycol monomethyl ether (-Tg) via 
EDCI/DMAP to afford 73. The installation of this solubilizing group is necessary to ensure 
adequate solubility of precursors and reaction products during alkyne metathesis. Deprotection of 
73 with catalytic toluenesulfonic acid affords 74 which is used as the starting point for oligomer 
synthesis. Compounds 72 and 74 are coupled in the presence of EDCI/DMAP to produce bis-
alkyne precursor 75. Finally, three rung precursor 77 is prepared via sequential deprotection of 75 
to 76 and coupling with 72. This synthesis can be performed on multigram scale to provide 
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Figure 47.  Synthesis of ester-based ladder precursors 
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solubility and can be purified through column chromatography. This synthetic sequence is also 
operationally simple and does not require solid-phase synthetic techniques which have been 
previously adopted.5a,5b  
3.3 Alkyne Metathesis Reactivity of Two-Rung Precursor 
 Having developed the synthetic approach outlined in Figure 38, we next turned our 
attention to characterizing the products of these precursors in alkyne metathesis. We anticipated 
that ‘two-rung’ precursor 75 would afford clean conversion to the dimeric macrocycle, though we 
recognized that larger macrocyclic structures or oligomers could also be formed. Precursor 75 was 
exposed to alkyne metathesis using molybdenum precatalyst A and triphenylsilanol as ligand2b in 
CHCl3 (20 mM) (Figure 49a). After stirring overnight at RT, GPC analysis of the reaction mixture 
was consistent with conversion of precursor 75 to a single species (Figure 48b). Macrocycle 78 
Figure 48. (a) Alkyne metathesis of precursor 75 affords macrocycle 78 in good yield as a mixture of two isomers. 
(b) GPC analysis of precursor 75 and isolated macrocycle 78 (THF, traces normalized by area). (c) GPC of reaction 
time course shows clean conversion of 75 to 78. Due to limited solubility, reaction time course GPC was performed 
in CHCl3. 
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was isolated in 65% yield after column chromatography followed by precipitation from methanol. 
MALDI-MS confirms that the isolated product is the dimeric macrocycle. It is important to note 
that macrocycle 78 is formed as a mixture of two constitutional isomers (Figure 48). These two 
isomers are partially distinguishable by 1H and 13C NMR, however, could not be separated by 
analytical GPC. NMR analysis reveals that these two isomers are formed in a 1:1 ratio (see 
supporting information). 
 To investigate the formation of macrocycle from 75, we performed the alkyne metathesis 
reaction and monitored the product distribution over time by analytical GPC (Figure 48c). 
Monitoring the progress of the metathesis reaction reveals clean conversion of 75 to 78, with the 
reaction being complete at ca. 6 hrs reaction time. We have seen in some cases that separation of 
higher-molecular weight species by GPC is not as effective in CHCl3 for this system, and as such 
no oligomeric species were observed. However, based on previous alkyne metathesis systems we 
propose that these intermediates are formed as part of the conversion of 75 to 78.1b,2a,2e The reaction 
time-course reveals gradual conversion of precursor over the first hour of the reaction, however 
between one hour and two hours the conversion of 75 appears to proceed to near completion. This 
indicate that within the first 1-2 hours of the reaction, oligomeric intermediates are formed which 
are gradually consumed and self-correct to a discrete product. These intermediates may, at early 
timepoints, compete for catalyst resulting in moderate conversion of 78 during the first two hours 






3.4 Metathesis Reactivity of Three-Rung Precursor 
3.4.1 Investigating Product Distributions 
 Having demonstrated the synthesis of ‘two-rung’ macrocycle 78 we next investigated the 
reactivity of three-rung precursor 77.  We were particularly interested to determine if any 
additional reaction products would form as a result of ladder misalignment or oligomerization. 
Precursor 77 was initially subjected to 10 mol% [Mo] precatalyst/60 mol% Ph3SiOH in CHCl3 at 
RT (Figure 49a). We were interested to observe that this initial experiment did not afford any of 
the aligned ladder product as detected by MALDI (Figure 49b). GPC analysis revealed the 
presence of multiple reaction products, which were assigned as misaligned/out of register products 
based on MALDI-MS.  The formation of a precipitate was also observed indicating that polymeric 
intermediates likely form which are not soluble in the reaction mixture.  
Figure 49. (a) Initially subjecting 77 to AM conditions affords a number of products as determined by MALDI and 
GPC analysis. (b) MALDI shows the formation of a number of products which are consistent with misaligned species. 
No aligned ladder 79 was detected. (c) GPC analysis shows the formation of a number of products.    
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 We have assigned the products observed in the MALDI spectrum based on putative 
misaligned intermediates which are consistent with the observed masses (Figure 49). We were 
especially intrigued by the observation that the observed reaction products appeared to be 
misaligned/oligomeric products derived from ‘two-connection’ type intermediates. This 
observation suggested to us that the reaction could potentially become kinetically trapped upon 
formation of ‘two-rung’ macrocycle intermediates. As in previous systems which have studied 
ladder self-assembly, the formation of a kinetically trapped intermediate would result in the 
formation of oligomeric and misaligned products which would limit formation of the perfectly 
aligned ladder.2c   
 We hypothesized that increasing the amount of molybdenum catalyst may improve the 
conversion of 77 to the aligned ladder product 79. Precursor 77 was next subjected to 15 mol% 
[Mo] in a reaction concentration of 3 mM CHCl3 in order to aid solubility of both the product and 
oligomeric reaction intermediates (Figure 50a). After stirring overnight at RT, the reaction mixture 
was again analyzed by MALDI-MS and GPC. MALDI reveals the formation of the desired ladder 
product 79 as well as a number of additional products (Figure 50b). We have again assigned the 
observed masses based on reasonable putative structures which could be formed from precursor 
77 (Figure 50). As observed previously, a number of additional products were detected which we 
assigned as misaligned intermediates and their associated metathesis products. We also observed 
higher molecular weight species (i.e. 2756.98) which would be consistent with the formation of a 
tetramer of 77 (indicated as (77)4).  Analysis of the reaction mixture via CHCl3 GPC showed full 
conversion of 77 and further demonstrated a broad product distribution.  Gratifyingly the reaction 
mixture showed adequate solubility in THF to allow for analysis via THF GPC. This analysis 
allowed for better separation of the reaction species, further revealing the presence of higher 
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molecular weight/oligomeric products as well as a sharper peak at ca. 18 minutes retention time 
which we propose is aligned ladder 79 (Figure 50c). GPC analysis also suggests the presence of 
higher molecular weight oligomers which may not ionize efficiently in MALDI analysis to be 
detected. 
 Following a similar procedure to what we have reported previously, deconvolution of the 
GPC trace was performed in order to more clearly identify reaction species present (Figure 50d).5a 
This analysis was performed using a Gauss function (OriginPro 2018 software) with five simulated 
peaks. The cumulative fit data and simulated peaks are plotted along with the raw experimental 
data and presented in Figure 41d, with the peak assigned to ladder 79 labelled for reference. Based 
Figure 50. (a) Metathesis of 77 at higher catalyst loading and 3 mM affords 79 and additional products. (b) MALDI-
MS (positive ion mode, DCTB matrix) shows the formation of misaligned and higher molecular weight products. (c) 
GPC analysis (THF) shows the formation of a number of products which were further analyzed through deconvolution 
of the trace (c).  
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on comparison of the integration of this peak to the total integration of the cumulative fit, the yield 
of the ladder product was estimated to be 22%. While this calculation assumes (1) that each 
reaction species has the same response factor in GPC analysis and (2) full mass balance of the 
reaction it does allow for a relative comparison of reaction product distribution. As in earlier 
reactions, some precipitate was observed in this reaction as well which indicates that some 
polymeric material is formed which would further decrease the reaction yield. 
3.4.2 Reaction Time Course 
 In order to probe the reaction of 77 to 79, the reaction progress was monitored over time 
by GPC and MALDI-MS.  We were particularly interested to observe whether the formation of 
higher molecular weight/oligomeric intermediates is reversible, and if the reaction system appears 
to undergo self-correction as is common in DCC processes.  Exposing 77 to 15 mol% molybdenum 
catalyst at RT in 3 mM CHCl3 and monitoring the reaction progress over 24 hours revealed the 
formation of higher molecular weight products at early reaction times (Figure 51a). Interestingly, 
Figure 51. (a) GPC reaction profile for the metathesis of 77. Due to limited solubility of reaction time points, analysis 
was performed in CHCl3. Precursor 77 is consumed within the first 2 hours of the reaction. Oligomeric products are 
formed which do not completely correct to a discrete product. (b) MALDI analysis of reaction time points show that 
79 is not formed appreciably until ca. 2 hrs reaction time.  
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even after a 24-hour reaction time, the product distribution remains broad as observed previously. 
This further suggests that the formation of oligomeric products occurs at early reaction times and 
that these products do not fully self-correct. The reaction progress was further monitored by 
MALDI-MS. These experiments revealed that within the first two hours of the reaction, only trace 
aligned ladder 79 is formed. ‘Two-connection’ product 80 was again detected and appears to 
persist for the course of the reaction. We hypothesize two isomers of 80 are possible: one aligned 
and one misaligned (Figure 51b). Within two hours a sizeable portion of ladder 79 is detected, 
though 80 is also still detected. We hypothesize that the formation of ladder 79 occurs through 
metathesis of the aligned isomer of 80. The residual product 80 observed at this mass in later 
timepoints further suggests a kinetic trap at two-rungs. If such an intermediate is unable to self-
correct, this would support the hypothesis that two-rung intermediates are kinetically trapped. The 
occurrence of other reaction products in the later reaction time points, which do not completely 
disappear after 24 hours, would further support that the reaction has reached a kinetic trap and is 
unable to ‘self-correct’ to 79. These observations are consistent with what we have observed in 
ladder assembly via imine exchange, in which kinetic trapping affords a number of products in 
addition to the desired ladder.  
3.4.3 Optimization Experiments 
 We next attempted to optimize the metathesis of 77 by modifying the reaction conditions 
to favor formation of the putative thermodynamic ladder product. We hypothesize that aligned 
ladder 79 is thermodynamic product5a and thus should be favored under conditions of high dilution, 
high catalyst loading, longer reaction times and higher temperature.  Upon decreasing the reaction 
concentration (3 mM to 1 mM CHCl3) and increasing the catalyst loading (15 mol% to 30 mol%) 
we observed a narrower distribution by GPC analysis after 24 hours (Figure 52, red trace). 
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Increasing the reaction time to 48 hours further narrowed the product distribution (Figure 52, green 
trace). Finally, increasing the reaction temperature (RT to 45 oC) afforded a product distribution 
comparable to that obtained after 48 hours at ambient temperature (Figure 52, blue trace). As a 
general trend, these results are consistent with the hypothesis that these alterations to the reaction 
conditions promote formation of the thermodynamically favored product, which we propose is 
Figure 52. GPC analysis of optimization experiments for the metathesis reaction of 77. The percent yield of ladder 
79 was estimated by deconvolution of the GPC traces.  
 
Figure 53. MALDI-MS analysis of optimization experiments show that the predominant product is 79 under 
conditions which favor thermodynamic control. MALDI performed in positive ion mode with DCTB matrix. Spectra 






aligned ladder 79. MALDI-MS analysis of these optimization experiments further supports the 
improved conversion of 77 to ladder 79 (Figure 53). While a number of additional products are 
still observed, the predominant product observed is 79 for the reactions performed at 48 hours and 
at 45 oC.5a This further supports the conclusion that, under conditions which promote 
thermodynamic equilibrium, the favored product is the aligned ladder 79.    
3.5 Testing for a Kinetic Trap 
3.5.1 Are Two-Rungs a Kinetic Trap? 
 Having attempted optimization of the metathesis reaction of 77 to 79, we were intrigued 
by the observation that ladder formation proceeds with limited efficiency. We were particularly 
interested to observe that the formation of 79 was accompanied by the presence of products 
putatively assigned to ‘two-connection’ type intermediates. The mixture of products obtained in 
these experiments suggests that reaction intermediates may become kinetically trapped which limit 
their ability to self-correct to the aligned ladder product (Figure 54). This would be consistent with 
previous studies which revealed found that a 4-rung ladder is a kinetically trapped species, which 
was supported by dynamic mixing experiments in which a mixture of two differentially labelled 







Slow self-correction of 
two-connection 
intermediates results in 
a kinetic trap and would 
afford alternate 
products
Figure 54. The limited efficiency of ladder assembly led us to hypothesize that the system is kinetically trapped. 
Specifically, ‘two-rungs’ may form a kinetic trap which would account for the misaligned products observed. These 
intermediates are unable to self-correct to aligned ladder.  
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suggesting the ladder is kinetically trapped. The results outlined above led us to hypothesize that 
formation of a two-connection macrocycle intermediate is a kinetic trap in this system. We next 
pursued experiments to test this hypothesis. 
3.5.2 Macrocycle Mixing Experiments 
 In order to determine if the formation of a macrocyclic, two-connection intermediate is a 
kinetic trap in this system, we prepared two macrocycles with different solubilizing groups (78 
and 84) in order to diffe rentiate them by MALDI-MS and GPC.2b,2c,6 We anticipated that, if these 
macrocycles are kinetically trapped, no (or minimal) mixing would be observed.2b,2c  Both 
macrocycles are prepared via alkyne metathesis in good yield (see experimental section). A 1:1 
mixture of 78 and 84 to alkyne metathesis conditions using 10 mol% molybdenum catalyst relative 
to the total millimoles of macrocycle. Though molecular sieves are not necessary in this 
experiment to sequester 2-butyne, we included them for consistency and to scavenge any residual 
moisture in the reaction. The reaction mixture was stirred overnight at RT and analyzed by 
MALDI-MS and GPC (Figure 55). We were interested to observe that only trace mixed 
macrocycle 85 was detected by MALDI, and two distinct peaks in the GPC matched both starting 
macrocycles 78 and 84. Interestingly, we observed trace higher molecular weight products in the 
MALDI-spectrum which may suggest that the formation of the trace mixed macrocycle occurs 
through intermolecular oligomerization (see sections 3.6.3 and 3.6.4). No peak was observed in 
the GPC trace at an intermediate molecular weight as would be expected for the mixed macrocycle 
85.  The formation of only trace mixed macrocycle suggests that these macrocycle products are 
kinetically trapped and not dynamic under alkyne metathesis conditions. This result is consistent 
with a number of other systems which were demonstrated to be kinetically trapped via dynamic 
mixing experiments.   
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 If macrocycles 84 and 85 are kinetically trapped, then this result can be rationalized through 
considering the relative rate of intra- versus intermolecular metathesis. Metathesis of a single 
macrocycle would afford an opened macrocycle that could either undergo intermolecular 
metathesis with a second macrocycle or intramolecular metathesis to re-close to the original 
macrocycle. If a macrocycle is kinetically trapped, this would suggest that the intramolecular 
metathesis to reclose to a macrocycle is faster than subsequent intermolecular metatheses (Figure 
56). Studies from our lab have demonstrated that this effect is responsible for kinetic trapping 
observed in tetrahedral cages.2e  This has also been proposed by Sanders and coworkers to 
rationalize kinetic trapping observed in hydrazone macrocycle systems.2f,2g 
  In order to scramble, we hypothesize that a series of intermolecular metatheses must occur 
Figure 55. (a) Two macrocycles were subjected to alkyne metathesis to test for a kinetic trap. (b) MALDI-MS shows 
the presence of both macrocycles as well as trace mixed macrocycle. (c) GPC does not show a peak of intermediate 
mass, and both starting macrocycles are also detected 
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to afford longer oligomers which will subsequently cyclize and undergo intramolecular metathesis 
to afford a mixture of macrocycles (Figure 56). This would be consistent with previous studies 
from our lab which support the intermediacy of long oligomers on the pathway to macrocycles.1b 
These oligomers are believed to then undergo intramolecular metathesis reactions in order to 
‘contract’ to smaller macrocycles. It is likely that in order for macrocycles 78 and 84 to scramble, 
they would have to proceed through a similar pathway, in which higher oligomers would be formed 
through intermolecular metatheses. These oligomeric species could then undergo ring closing to 
form higher macrocycles which would then undergo intramolecular metatheses to afford dimeric 
macrocycles. This process is likely much slower than simple closure of an opened macrocycle, 
which would explain the trace mixed macrocycle observed in this experiment.   
3.6 Scrambling Kinetically Trapped Macrocycles 
3.6.1 Strategies for Overcoming a Kinetic Trap 
 The results obtained from macrocycle scrambling experiments lead us to further probe the 
reactivity of 78 and 84. Sanders and coworkers have previously demonstrated that kinetically 
trapped hydrazone macrocycles can be disassembled in the presence of an excess of a small 
hydrazide.2f Inspired by this work, results from our group have demonstrated that a similar method 
can be applied to scrambling kinetically trapped tetrahedral cages. The inclusion of 
diphenylacetylene in high concentration affords both oligomeric products and mixed tetrahedral 
R
[Mo]
linear oligomers cyclize to higher macrocycles which undergo 





Kinetic trap results from fast closure 
of opened macrocycle
Figure 56. Hypothesis for kinetic trapping observed in dimeric macrocycles. Even if one bond is opened, the rate of 
closure is faster than competing intermolecular metatheses that would be required to afford scrambled macrocycles. 
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cages.2e This result has been attributed to an increase in molarity of alkyne present in the reaction 
mixture; thus, intermolecular metathesis is more likely to occur once a single face of a cage is 
opened.2e Similarly, elevated molybdenum catalyst loadings were also observed to induce 
scrambling of tetrahedral cages.2e We hypothesized that these strategies may also be effective for 
scrambling macrocycles 78 and 84, further demonstrating that kinetic traps in alkyne metathesis 
can be overcome through these strategies. 
3.6.2 The Effect of a Small Alkyne  
  To investigate whether the inclusion of a small alkyne would scramble macrocycles 78 
and 84, the scrambling experiment was performed as described above in the presence of 5 equiv 
of DPA (Figure 57). Under these conditions, a number of scrambled and phenyl-capped 
macrocycle products are formed. Analysis of the reaction mixture by MALDI reveals that 
scrambled macrocycle 85 appears to form in a higher proportion (Figure 57). Phenyl-capped 
products 86-88 were also detected which would be consistent with the metathesis of macrocycles 
with diphenylacetylene. The GPC trace suggests that macrocycle 84 may have reacted more 
completely than 78 in this experiment. GPC analysis of the reaction mixture also suggests the 
84 
78 
Figure 57. Scrambling of 78 and 84 was performed in the presence of diphenylacetylene. Left: MALDI-MS analysis 
reveals the presence of mixed macrocycle 85 as well as phenyl-capped 86-88. Right: GPC analysis of starting 





formation of oligomeric material.  Interestingly, higher molecular weight species were also 
detected in the MALDI spectrum. This may further support the hypothesis that the excess of a 
small alkyne increases the frequency of intermolecular metathesis reactions, thus allowing for the 
formation of higher oligomers which can proceed to scrambled macrocycles. This observation is 
consistent with previous experiments in which diphenylacetylene was used to induce cage 
scrambling, which also afforded oligomeric products as well as scrambled cages.2e 
3.6.3 The Effect of Elevated Catalyst Loading 
 Further scrambling experiments were performed using elevated catalyst loading to assess 
whether the proportion of scrambled macrocycle increases. Macrocycles 78 and 84 were subjected 
to 30 mol% molybdenum catalyst (relative to total mmol of precursor) and the reaction mixture 
was stirred at RT (Figure 58). GPC analysis of the crude reaction shows a peak of intermediate 
mass consistent with the formation of 85, as well as remaining 78 and 84. Overlaying the GPC 
Figure 58. Macrocycle mixing experiments using elevated catalyst loading. Left: GPC analysis shows a peak of 
intermediate mass as expected for macrocycle 85. Right: MALDI is consistent with formation of a mixed macrocycle. 
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traces of the scrambling experiment using 10 mol% and 30 mol% catalyst clearly shows that the 
yield of the mixed macrocycle increases with higher catalyst loading (Figure 58).  
 The yields of 84, 78 and 85 were estimated to be 31%, 33% and 14% respectively via 
deconvolution of the GPC trace (see experimental section). This corresponds to a mass balance of 
ca. 78%, with the residual material likely being accounted for by the formation of oligomeric 
products. We were  intrigued by the observation of four masses detected between m/z 1600 and 
1900 which match the predicted masses for mixed trimers of the dimeric precursors 75 and 89. 
While these putative trimers were not observed in the independent synthesis of macrocycles 78 
and 84,  their formation in this scrambling experiment is consistent with our proposed scrambling 
pathway. The four possible trimeric products which would be possible from 75 and 89 were 
detected, which would be consistent with intermolecular metatheses. These higher molecular 
weight products match the masses of trimers of precursors 75 and 89 which would suggest that the 
formation of oligomers occurs on the pathway to scrambled macrocycle. The increase in scrambled 
macrocycle at high catalyst loading is consistent with a transition from a kinetic trap to an 
equilibrium distribution of macrocycles. With sufficiently high catalyst loading, the kinetic barrier 
is overcome, and intermolecular metathesis competes with intramolecular bond formations.2e 
These results support the hypothesis that two-rungs is a kinetic trap in this system and help to 
rationalize the narrower product distribution observed with 3-rung precursor 77 at elevated catalyst 






3.6.4 The Effect of Temperature 
 In order to further support the fact that macrocycles 78 and 84 are kinetically trapped, we 
performed the scrambling experiment at elevated temperature.2c Compounds 78 and 84 were 
combined in toluene and heated to 75 oC with 10 mol% molybdenum catalyst for 24 hours (Figure 
59a). We were surprised to observe that the reaction partially afforded an insoluble precipitate. 
Interestingly, MALDI analysis of the mixture after filtration revealed no mixed macrocycle 
product (Figure 59c). Macrocycles 78 and 84 were observed, as well as trace higher molecular 
weight products as seen in previous experiments. Comparison of the GPC traces for the scrambling 
experiment performed at RT and 75 oC clearly shows a broader distribution consistent with the 
formation of higher molecular/oligomeric weight products.  The GPC trace of the reaction mixture 
indicates that 84 has converted to a greater extent than 78, which may suggest a difference in rate 
of metathesis for these two macrocycles.  
Figure 59. (a) Scrambling was performed at elevated temperature. (b) GPC analysis shows consumption of 
macrocycles to form oligomeric products. (c) MALDI-analysis does not show formation of the mixed macrocycle 
product, and further supports the formation of higher molecular weight products. GPC traces were normalized by peak 
height. MALDI was performed in DCTB matrix, positive ion mode. 
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 The difference in product distribution obtained upon increasing the reaction temperature 
supports the hypothesis that macrocycles 78 and 84 are kinetically trapped. At elevated 
temperatures the product distribution appears to favor a mixture of 78, 84 and 
oligomeric/polymeric products (which largely precipitate from the reaction). While 85 not was 
observed in the mixing experiment performed at higher temperature, this is likely due to the 
formation of oligomeric intermediates which rapidly precipitated from the reaction. In scrambling 
experiments performed on tetrahedral cages at elevated temperature, we have also observed the 
formation of oligomeric products, further demonstrating how these products can result from 
increased temperature. Elevated temperature thus allows for the kinetic barrier to be overcome in 
order to facilitate macrocycle opening and oligomerization, though the high temperature also 
appears to promote rapid polymerization of these intermediates.   
3.7 Summary and Analysis  
 The clean formation of 78 under alkyne metathesis stands in stark contrast to the product 
distribution obtained on exposing 77 to similar reaction conditions. Initial experiments revealed 
that the tri-alkyne (‘3-rung’) precursor afforded a number of products, which by MALDI-MS 
analysis appear to be misaligned and oligomeric metathesis products. The observed masses were 
consistent with a number of ‘two-connection’ structures which are putatively formed from 
intermediates which do not correct to the aligned ladder 79. GPC analysis was further consistent 
with the formation of a number of reaction products in addition to the desired 79. We found that 
increasing the catalyst loading in dilute reaction conditions afforded a narrower product 
distribution by GPC analysis. Increasing both reaction temperature and time further improved the 
product distribution to favor 79. We hypothesize that these reaction modifications favor formation 
of the thermodynamically favored aligned ladder.   
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 These observations suggest that the formation of the aligned ladder is stalled by the 
presence of a kinetic trap along the pathway from 77 to 79. As observed in previous studies on the 
assembly of molecular ladders, a kinetic trap would divert intermediates to stable products which 
are unable to self-correct.2c The observed masses in the MALDI spectra of the metathesis reactions 
of 77 suggest the formation of products derived from metathesis of multiple ‘two-connection’ type 
intermediates, which could be formed from oligomerization of dimeric structures of 77. This 
suggested that a ‘two-rung’ macrocycle may in fact be a kinetic trap in this system.  
 To test this hypothesis, dynamic scrambling experiments were performed with two 
macrocycles bearing different side chains. When exposed to alkyne metathesis, a 1:1 mixture of 
macrocycles 78 and 84 afford only trace scrambled macrocycle product. This observation is 
consistent with previous studies in our lab where kinetically trapped molecular ladders afforded 
only trace scrambled ladder when scrambling experiments were performed. These results further 
support the hypothesis that ladder formation in this system becomes kinetically trapped at two 
rungs. As a result, any intermediate which passes through two-connections becomes kinetically 
trapped, which limits the efficiency of the self-assembly process. We hypothesize that the kinetic 
trap observed originates in the rate of closure of macrocycles upon opening of one alkyne bond. 
In order to be kinetically trapped, the rate of closure to a dimeric macrocycle must be faster than 
the rate of intermolecular metathesis reactions, and thus the macrocycle reforms before proceeding 
to intermolecular metathesis steps.2e-g  
 Kinetically trapped macrocycles are prone to increased scrambling under modified reaction 
conditions. In the presence of a small alkyne or excess molybdenum catalyst, the proportion of 
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scrambled macrocycle is increased. This suggests that under these conditions, the rate of 
intermolecular metathesis is increased relative to intramolecular metathesis (Figure 60). In the 
presence of DPA, the higher concentration of small alkyne promotes competitive intermolecular 
metathesis. The GPA trace shown in Figure 48 further suggests the formation of lower molecular 
weight ‘capped’ precursor as we have also seen in cage disassembly experiments with DPA. At 
elevated catalyst loadings, a similar effect is observed, and the high concentration of catalyst again 
likely allow for competing intermolecular metathesis in order to scramble.  This   strategy has been 
demonstrated previously in our lab to scramble kinetically trapped tetrahedral cages and is also 
effective in this macrocycle system. Elevating the reaction temperature for the scrambling 
experiment of 78 and 84 also changes the product distribution, which further supports that the 
product distribution obtained under non-forcing conditions (i.e. Figure 55) is a result of  kinetic 
trapping.2c An increase in reaction temperature likely overcomes the kinetic barrier for 
intermolecular metathesis, affording additional oligomeric products which were observed as an 
Figure 60. Simplified reaction scheme to rationalize macrocycle scrambling in the presence of DPA or higher catalyst 
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insoluble precipitate.  
3.8 Conclusion 
 In this chapter we report studies on the self-assembly of 2D structures (‘molecular ladders’) 
via alkyne metathesis. This study was envisioned to proceed through systematic evaluation of the 
product distributions obtained for metathesis of oligomeric precursors with a defined number of 
alkyne units. An iterative esterification strategy was developed in order to prepare molecular 
ladder precursors 75 and 77 bearing two and three alkynes, respectively. While two rung precursor 
75 converts efficiently to a discrete macrocycle product, the metathesis of three-rung precursor 77 
affords a number of products. Attempts at optimizing the metathesis reaction revealed that, as a 
general trend, modifications of the reaction conditions in a manner that favor thermodynamic 
control afforded a narrower product distribution. The observation that 79 is the predominant 
product under conditions which favor thermodynamic control suggests that the aligned ladder is 
the thermodynamic product, however its formation is stalled by the presence of a kinetic trap. 
Scrambling experiments with macrocycles 78 and 84 further support this hypothesis, as only trace 
mixed macrocycle is observed under alkyne metathesis conditions. We have also demonstrated 
that previous strategies from our lab for scrambling kinetically trapped tetrahedral cages are 
effective at scrambling macrocycles.  
 This study further demonstrates the necessity of considering not only thermodynamically 
favored products but also reaction pathways and kinetic parameters which may hinder the 
accessibility of the thermodynamic state.  While precursor design in DCC is often undertaken from 
a ‘trial-and-error’ approach which mainly considers thermodynamic product distributions, this 
work further demonstrates that this approach is not always effective. The complexity of DCC 
demonstrates that the ideal scenario of ‘pathway independence’ may not always be operative, and 
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that kinetic or pathway considerations are often vital. This study further complements our 
previously reported studies on tetrahedral cage formation and the key pathways considerations in 
3D systems. We envision that this study will lead to further studies on kinetic trapping and reaction 
pathways in 2D and 3D systems. We are particularly interested in studying in more detail whether 
the kinetic parameters of a system can be tuned and modified rationally to affect reaction outcone. 
Current efforts in our lab are being directed to developing computational methods to further probe 
ladder assembly reactions. In conjunction with kinetic measurements aimed at understanding the 
effect of electronic and steric substitutions on AM rates, we predict that these studies will shed 
more light on 2D assembly pathways, and the results outlined in this study.  
3.9 Supporting Information 
3.9.1 General Considerations 
 All reactions were performed in oven (c.a. 165 oC) or flame-dried glassware under an 
atmosphere of dry argon or nitrogen unless otherwise noted. All solvents used were either 
anhydrous commercial grade (Aldrich/Fisher) or purified by a solvent purification system unless 
otherwise noted.  All alkyne metathesis reactions were conducted in an argon-filled glovebox in 
oven-dried glassware, using anhydrous (Aldrich), argon-degassed solvents. All reagents were 
purchased from commercial sources and used without further purification. Molybdenum(VI) 
propylidyne precatalyst A was prepared according to published literature procedures. Molecular 
sieves (5 Å powdered) were dried in a vacuum oven at 200 oC for 5 days prior to use in alkyne 
metathesis reactions.5 Chromatographic purifications were conducted via MPLC on a Biotage 
Isolera 1 using Silicycle SiliaSep cartridges (230-400 mesh, 40-63 μm). Column separation 
conditions are reported in column volumes (CV) of gradient solvent mixtures. Analytical gel 
permeation chromatography (GPC) was performed in THF or CHCl3 as indicated. THF analysis 
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performed on a Tosoh Ecosec HLC8320GPC at 40oC equipped with a reference column (6.0 mm 
ID x 15 cm), guard column (6.0 mm ID x 4.0 cm x 5 µm) and two analytical columns (7.8 mm ID 
x 30 cm x 5 µm). The reference flowrate was set to 0.5 mL/min and the analytical column flowrate 
set to 1.0 mL/min. CHCl3 GPC was performed on an Agilent 1260 Infinity instrument equipped 
with a Styragel HR 5E THF column (7.8x300 mm) set to a flowrate of 1 mL/min at 25 oC.  1H and 
13C nuclear magnetic resonance spectra (NMR, 500 MHz) were recorded at room temperature (298 
K) and chemical shifts were referenced to the residual solvent peak. Matrix-assisted laser 
desorption/ionization (MALDI) mass spectrometry was performed on a Bruker Daltonics 
UltrafleXtreme MALDI using DCTB matrix. MALDI spectra and GPC traces were plotted using 
OriginPro 2018 software. GPC traces were normalized by area and baseline corrected. 1H and 13C 
NMR were processed using MestReNova software v12.0.4-22023. Reported yields are of isolated 
material which in some cases were corrected for trace residual solvent. 
3.9.2 Synthesis and Experimental Procedures 
Methyl 3-(hydroxymethyl)-5-iodobenzoate (69): Prepared according to a previously published 
procedure. Compound 69 was isolated as an off-white solid (6.27 g, 21.48 
mmol, 69% yield). Characterization data was consistent with a previous 
report.7  
methyl 3-iodo-5-(((tetrahydro-2H-pyran-2-yl)oxy)methyl)benzoate (70): In a flame-dried 300 
mL round bottom flask equipped with stirbar 69 (6 g, 18.13 mmol, 1 equiv) 
and pyridinium p-toluenesulfonate (455 mg, 1.81 mmol, 0.1 equiv) were 
combined and dissolved in CH2Cl2 (90 mL, 0.2 M). 3,4-Dihydro-2H-pyran 
(2 mL, 21.75 mmol, 1.2 equiv) was then added and the mixture was stirred at 40 oC overnight. The 












filtered through a short silica plug. The crude mixture was concentrated onto Celite and purified 
via silica gel flash chromatography with ethyl acetate/hexanes to afford 70 as a colorless oil (6.57 
g, 16.88 mmol, 93% yield).  
1H NMR (500 MHz, CDCl3): δ 8.28 (s, 1H), 7.97 (s, 1H), 7.90 (s, 1H), 4.78 – 4.73 (m, 1H), 4.70 
(t, J = 3.6 Hz, 1H), 4.47 (d, J = 12.5 Hz, 1H), 3.91 (s, 3H), 3.88 (ddd, J = 11.3, 8.6, 3.0 Hz, 1H), 
3.60 – 3.50 (m, 1H), 1.86 (ddt, J = 12.4, 7.8, 4.3 Hz, 1H), 1.80 – 1.71 (m, 1H), 1.71 – 1.46 (m, 
4H).	
13C NMR (126 MHz, CDCl3): δ 165.68, 141.12, 140.89, 137.64, 132.05, 128.13, 98.22, 93.96, 
67.61, 62.32, 52.53, 30.56, 25.50, 19.38. 
HRMS (ESI): C14H17INaO14 [M+Na]+ calcd. 399.0069, found 399.0068. 
methyl 3-(prop-1-yn-1-yl)-5-(((tetrahydro-2H-pyran-2-yl)oxy)methyl)benzoate (71): In a 
flame-dried round bottom flask equipped with stirbar, Pd(PPh3)2Cl2 (355.44 
mg, 0.50 mmol, 3 mol%) and CuI (321.47 mg, 1.68 mmol, 10 mol%) were 
combined and backfilled with argon. Compound 70 (6.57 g, 16.88 mmol, 1 
equiv) was added in toluene (42 mL) followed by Et3N (42 mL). The reaction was then cooled to 
-78 oC and propyne gas was added. (Note: excess propyne was used. The propyne gas was bubbled 
through the mixture and into the headspace of the reaction from a small lecture bottle via an 18-
gauge metal needle with an argon balloon as pressure release. The gas was added in approximately 
4 ten-second bursts). The mixture was stirred at -78 oC then warmed to RT overnight. The reaction 
was filtered through a silica plug with Et2O and concentrated directly onto Celite. After 
purification via silica gel flash chromatography (EtOAc/hexanes), 71 was isolated as a yellow oil 






1H NMR (500 MHz, CDCl3): δ 7.97 (s, 1H), 7.92 (s, 1H), 7.57 (s, 1H), 4.81 – 4.73 (m, 1H), 4.70 
(t, J = 3.6 Hz, 1H), 4.49 (d, J = 12.3 Hz, 1H), 3.93 – 3.86 (m, 4H), 3.58 – 3.52 (m, 1H), 2.05 (s, 
3H), 1.93 – 1.82 (m, 1H), 1.75 (tdd, J = 9.8, 4.1, 3.0 Hz, 1H), 1.70 – 1.64 (m, 1H), 1.63 – 1.51 (m, 
3H). 
13C NMR (126 MHz, CDCl3): δ 166.64, 139.12, 134.98, 131.91, 130.53, 127.93, 124.68, 98.07, 
87.04, 78.97, 68.09, 62.23, 52.36, 30.61, 25.55, 19.37, 4.45. 
HRMS (ESI): C17H20NaO4 [M+Na]+ calcd. 311.1259, found 311.1254. 
3-(prop-1-yn-1-yl)-5-(((tetrahydro-2H-pyran-2-yl)oxy)methyl)benzoic acid (72): In a 300 mL 
round bottom flask KOH (3.5 g, 64 mmol, 4 equiv) was dissolved in H2O 
(53 mL). A solution of 71 (4.6 g, 16 mmol, 1 equiv) in methanol (80 mL) 
was then added and the mixture was heated to 90 oC with a reflux condenser 
and stirred overnight. After cooling to 0 oC, the reaction was quenched to ca. pH 4 with 25% 
KHSO4 which resulted in the formation of a white precipitate. The reaction slurry was extracted 
3x with EtOAc and the combined organics washed 2x with H2O and 1x with brine. After drying 
with Na2SO4 and filtration through a silica plug, removal of the solvent in vacuo afforded a yellow 
oil which solidifies upon further drying under high vacuum. Compound 72 was used without 
further purification (4.3g, 15.5 mmol, 97% yield).  
1H NMR (500 MHz, CDCl3): δ 8.05 (t, J = 1.6 Hz, 1H), 7.99 (t, J = 1.7 Hz, 1H), 7.63 (t, J = 1.7 
Hz, 1H), 4.80 (d, J = 12.4 Hz, 1H), 4.73 (t, J = 3.5 Hz, 1H), 4.52 (d, J = 12.4 Hz, 1H), 3.91 (ddd, 
J = 11.5, 8.6, 2.9 Hz, 1H), 3.57 (ddt, J = 9.7, 5.5, 2.6 Hz, 1H), 2.07 (s, 3H), 1.93 – 1.83 (m, 1H), 
1.81 – 1.73 (m, 1H), 1.73 – 1.50 (m, 4H).	
13C NMR (126 MHz, CDCl3): δ 171.26, 139.30, 135.80, 132.49, 129.69, 128.45, 124.89, 98.12, 





HRMS (ESI): C16H18NaO4 [M+Na]+ calcd 297.1103, found 297.1100. 
2-(2-(2-methoxyethoxy)ethoxy)ethyl 3-(prop-1-yn-1-yl)-5-(((tetrahydro-2H-pyran-2- 
yl)oxy)methyl)benzoate (26): A flame-dried round bottom flask was charged with 72 (1.5 g, 5.46 
mmol, 1 equiv), and DMAP (200 mg, 1.64 mmol, 0.3 equiv). CH2Cl2 (45 mL, 
0.12 M) was added followed by triethyleneglycol monomethyl ether (1.87 
mL, 16.4 mmol, 3 equiv). The reaction was cooled to 0 oC and EDCI (3.1 g, 
16.4 mmol, 3 equiv) was added. After stirring at 0 oC for 5 min, the reaction was warmed to RT 
overnight. The mixture was diluted with CH2Cl2 and washed 1x each with 10% K2CO3, 10% citric 
acid, 10% K2CO3 and brine. After drying with Na2SO4 and filtering through a silica plug, the 
mixture was concentrated onto Celite and purified via silica gel flash chromatography 
(acetone/hexanes) to afford 73 as a clear oil (1.13 g, 2.7 mmol, 50% yield).  
1H NMR (500 MHz, CDCl3): δ 7.98 (t, J = 1.6 Hz, 1H), 7.93 (t, J = 1.6 Hz, 1H), 7.58 (t, J = 1.6 
Hz, 1H), 4.77 (d, J = 12.3 Hz, 1H), 4.71 (t, J = 3.6 Hz, 1H), 4.52 – 4.44 (m, 3H), 3.89 (ddd, J = 
11.6, 8.7, 3.0 Hz, 1H), 3.85 – 3.80 (m, 2H), 3.71 (ddd, J = 6.1, 3.2, 1.1 Hz, 2H), 3.69 – 3.63 (m, 
4H), 3.59 – 3.51 (m, 3H), 3.37 (d, J = 1.2 Hz, 3H), 2.06 (d, J = 1.2 Hz, 3H), 1.87 (tdd, J = 13.0, 
11.6, 5.5, 2.6 Hz, 1H), 1.80 – 1.71 (m, 1H), 1.71 – 1.50 (m, 4H). 
13C NMR (126 MHz, CDCl3): δ 166.10, 139.12, 135.07, 131.96, 130.51, 128.07, 124.65, 98.09, 
87.06, 79.01, 72.08, 70.77, 69.33, 68.08, 64.42, 62.25, 59.19, 30.62, 25.57, 19.39, 4.47. 
HRMS (ESI): C23H32NaO7 [M+Na]+ calcd. 443.2046, found 443.2045. 
2-(2-(2-methoxyethoxy)ethoxy)ethyl 3-(hydroxymethyl)-5-(prop-1-yn-1-yl)benzoate (74): A 
40 mL reaction vial was charged with 73 (1.13 g, 2.7 mmol, 1 equiv), p-
toluenesulfonic acid (154 mg, 0.81 mmol, 0.3 equiv) and MeOH (13.5 mL) and 








washed 1x Sat. NaHCO3 and brine. After drying with Na2SO4 and filtration through a silica plug 
the crude material was concentrated onto silica gel and purified via flash column chromatography 
(30-40-50% acetone/hexanes) to afford 74 as a colorless oil (766.9 mg, 2.28 mmol, 84% yield).  
1H NMR (500 MHz, CDCl3): δ 7.96 (s, 1H), 7.93 (s, 1H), 7.55 (s, 1H), 4.68 (d, J = 5.9 Hz, 2H), 
4.47 – 4.43 (m, 2H), 3.85 – 3.78 (m, 2H), 3.72 – 3.68 (m, 2H), 3.68 – 3.60 (m, 4H), 3.54 – 3.49 
(m, 2H), 3.34 (s, 3H), 2.29 (t, J = 6.0 Hz, 1H), 2.04 (d, J = 1.0 Hz, 3H).	
13C NMR (126 MHz, CDCl3): δ 166.05, 141.67, 134.17, 131.89, 130.58, 127.09, 124.76, 87.15, 
78.87, 72.03, 70.84, 70.73, 70.69, 69.24, 64.42, 59.13, 4.42. 
HRMS (ESI): C18H24NaO6 [M+Na]+ calcd 359.1471, found 359.1463. 
3-(2,5,8,11-tetraoxadodecanoyl)-5-(prop-1-yn-1-yl)benzyl 3-(prop-1-yn-1-yl)-5-
(((tetrahydro-2H-pyran-2-yl)oxy)methyl)benzoate (75): In a flame-dried 50 mL round bottom 
flask, 72 (938.17 mg, 3.42 mmol, 1.5 equiv) and DMAP (83.56 
mg, 0.68 mmol, 0.3 equiv) were combined with 74 (766.9 mg, 
2.28 mmol, 1 equiv) in DCM (19 mL). The mixture was cooled 
to 0 oC and EDCI (1.3 g, 6.84 mmol, 3 equiv) was added. The reaction was stirred at 0 oC for 5 
min then warmed to RT overnight. The mixture was diluted with CH2Cl2 and washed 1x each with 
10% K2CO3, 10% citric acid, 10% K2CO3 and brine. After drying with Na2SO4 and filtering 
through a silica plug the crude compound was concentrated onto Celite and purified via silica gel 
flash chromatography (acetone/hexanes) to afford 75 as a white solid (823.84 mg, 1.39 mmol, 61% 
yield).  
1H NMR (500 MHz, CDCl3): δ 8.04 (s, 1H), 7.99 (s, 1H), 7.98 (s, 1H), 7.94 (s, 1H), 7.64 (s, 1H), 
7.59 (s, 1H), 5.33 (s, 2H), 4.77 (d, J = 12.4 Hz, 1H), 4.70 (t, J = 3.5 Hz, 1H), 4.53 – 4.44 (m, 3H), 






4H), 3.58 – 3.51 (m, 3H), 3.36 (s, 3H), 2.06 (s, 3H), 2.05 (s, 3H), 1.94 – 1.80 (m, 1H), 1.74 (tdd, 
J = 9.7, 4.1, 3.0 Hz, 1H), 1.71 – 1.50 (m, 4H).	
13C NMR (126 MHz, CDCl3): δ 165.79, 139.27, 136.58, 135.58, 135.25, 132.72, 131.95, 130.84, 
130.18, 128.61, 128.08, 125.11, 124.77, 98.10, 87.69, 87.24, 78.93, 78.70, 72.08, 70.85, 70.80, 
70.76, 69.27, 68.03, 66.05, 64.53, 62.24, 59.18, 30.60, 25.55, 19.38, 4.47. 
HRMS (ESI): C34H40NaO9 [M+Na]+ calcd 615.2570, found 615.2588. 
3-(2,5,8,11-tetraoxadodecanoyl)-5-(prop-1-yn-1-yl)benzyl 3-(hydroxymethyl)-5-(prop-1-yn-
1-yl)benzoate (76): Compound 75 (793.85 mg, 1.33 mmol, 1 equiv) and p-toluenesulfonic acid 
(53 mg,0.28 mmol, 0.2 equiv) were dissolved in THF (3 mL) and 
MeOH (4 mL) and stirred for 1 hour. The mixture was diluted with 
EtOAC and washed 2x with sat. NaHCO3 and 1x with brine. The 
crude mixture was dried with Na2SO4,  filtered through silica and concentrated to afford 76 (624.52 
mg, 1.23 mmol, 92% yield). The crude material was obtained in sufficient purity to be used without 
further purification.  
1H NMR (500 MHz, CDCl3): δ 8.04 (s, 1H), 8.00 (s, 1H), 7.98 (s, 1H), 7.95 (s, 1H), 7.62 (s, 1H), 
7.58 (s, 1H), 5.34 (s, 2H), 4.70 (d, J = 6.0 Hz, 2H), 4.50 – 4.44 (m, 2H), 3.86 – 3.79 (m, 2H), 3.72 
– 3.67 (m, 2H), 3.67 – 3.59 (m, 4H), 3.54 – 3.49 (m, 2H), 3.35 (s, 3H), 2.09 (t, J = 6.0 Hz, 1H), 
2.06 (s, 3H), 2.05 (s, 3H).	
13C NMR (126 MHz, CDCl3): δ 165.79, 165.73, 141.77, 136.54, 135.52, 134.42, 132.74, 131.98, 
130.87, 130.31, 128.47, 127.12, 125.10, 124.95, 87.73, 87.38, 78.81, 78.66, 72.04, 70.83, 70.76, 
70.72, 69.28, 66.02, 64.56, 64.43, 59.15, 4.45. 







yn-1-yl)-5-(((tetrahydro-2H-pyran-2-yl)oxy)methyl)benzoyl)oxy)methyl)benzoate (77): A 40 
mL reaction vial was charged with 72 (740.7 mg, 2.7 
mmol, 1.8 equiv), DMAP (55.0 mg, 0.45 mmol, 0.3 
equiv), 76 (762.85 mg, 1.5 mmol, 1 equiv) and 
CH2Cl2 (12.5 mL). The mixture was cooled to 0 oC and EDCI (862.65 mg, 4.5 mmol, 3 equiv) was 
added. After stirring at 0 oC for 5 min, the mixture was warmed to RT and stirred for 1 h. The 
reaction was diluted with EtOAc and washed sequentially 2x each with 10% NaHCO3, 10% K2CO3 
and brine. The crude material was purified via silica gel flash chromatography (acetone/hexanes) 
to afford 77 as a white solid (832.3 mg, 1.08 mmol, 73% yield).   
1H NMR (500 MHz, CDCl3):  δ 8.05 – 8.03 (m, 2H), 8.00 (d, J = 1.7 Hz, 2H), 7.98 (s, 1H), 7.93 
(s, 1H), 7.64 (dd, J = 4.1, 1.9 Hz, 2H), 7.58 (s, 1H), 5.34 (d, J = 5.5 Hz, 4H), 4.76 (d, J = 12.4 Hz, 
1H), 4.70 (t, J = 3.5 Hz, 1H), 4.52 – 4.44 (m, 3H), 3.88 (ddd, J = 11.5, 8.5, 2.9 Hz, 1H), 3.85 – 
3.80 (m, 2H), 3.73 – 3.68 (m, 2H), 3.68 – 3.62 (m, 4H), 3.57 – 3.50 (m, 3H), 3.36 (s, 3H), 2.08 – 
2.02 (m, 9H), 1.93 – 1.81 (m, 1H), 1.79 – 1.70 (m, 1H), 1.70 – 1.49 (m, 4H).	
13C NMR (126 MHz, CDCl3): δ 165.77, 165.49, 139.25, 136.70, 136.44, 135.78, 135.63, 135.24, 
132.77, 132.71, 131.95, 130.86, 130.50, 130.14, 128.67, 128.06, 125.23, 125.14, 124.76, 98.08, 
87.87, 87.74, 87.23, 78.91, 78.67, 78.62, 72.06, 70.83, 70.78, 70.75, 69.27, 68.00, 66.18, 66.01, 
64.52, 62.22, 59.16, 30.59, 25.54, 19.36, 4.46. 
HRMS (ESI): C45H48NaO11 [M+Na]+ calcd 787.3094, found 787.3099. 
3-(2,5,8,11-tetraoxadodecanoyl)-5-(prop-1-yn-1-yl)benzyl 3-((decanoyloxy)methyl)-5-(prop-
1-yn-1-yl)benzoate  (89): A 40 mL vial was charged with 76 (321 













mL), Et3N (0.45 mL, 3.24 mmol, 6 equiv) and decanoyl chloride (0.34 mL, 1.62 mmol, 3 equiv) 
were sequentially added and stirred for 3 h at RT. The mixture was diluted with CHCl3, washed 
2x with NaHCO3, dried with Na2SO4 and filtered through silica. Purification via silica gel flash 
column chromatography (CH2Cl2/MeOH) afforded 89 as a sticky solid (330.5 mg, 0.49 mmol, 
92% yield).  
1H NMR (500 MHz, CDCl3): δ 8.05 (s, 1H), 8.01 (s, 1H), 8.00 (s, 1H), 7.92 (s, 1H), 7.64 (s, 1H), 
7.56 (s, 1H), 5.34 (s, 2H), 5.10 (s, 2H), 4.52 – 4.44 (m, 2H), 3.87 – 3.80 (m, 2H), 3.71 (dd, J = 5.8, 
3.2 Hz, 2H), 3.69 – 3.63 (m, 4H), 3.55 – 3.51 (m, 2H), 3.36 (s, 3H), 2.36 (t, J = 7.6 Hz, 2H), 2.06 
(d, J = 4.8 Hz, 6H), 1.63 (p, J = 7.3 Hz, 2H), 1.26 (d, J = 17.0 Hz, 12H), 0.87 (t, J = 6.9 Hz, 3H). 
13C NMR (126 MHz, CDCl3): δ 173.65, 165.79, 165.55, 137.00, 136.47, 135.62, 135.54, 132.78, 
132.50, 130.88, 130.42, 128.67, 128.35, 125.15, 125.10, 87.72, 78.68, 72.08, 70.86, 70.81, 70.77, 
69.28, 66.17, 65.11, 64.55, 59.18, 34.36, 32.00, 29.55, 29.39, 29.27, 25.05, 22.81, 14.26, 4.48. 
HRMS (ESI): C39H51O9 [M+H]+ calcd 663.3533, found 663.3520. 
 
 General Procedure for Macrocycle Synthesis:  
 A 40 mL reaction vial was charged with precursor 75 (200 mg, 0.34 mmol, 1 equiv) and 
transferred to an argon-filled glovebox, where 5 Å MS (675 mg) and CHCl3 (12 mL) were added. 
In a separate 2-dram vial, molybdenum precatatlyst A (22.44 mg, 33.7 µmol, 10 mol%) and 
Ph3SiOH (55.28 mg, 0.2 mmol, 60 mol%) were combined in 5 mL CHCl3. Both mixtures were 




















overnight at RT. The reaction was then filtered through Celite, concentrated onto Celite and 
subjected to silica gel flash column chromatography (CHCl2/MeOH). The isolated material was 
then dissolved in minimal CHCl3 to which excess methanol was added affording a white 
precipitate. The solid was collected via filtration through a 0.45 µm nylon filter and washed with 
excess methanol to afford macrocycle 78 as a sticky solid (117.6 mg, 0.109 mmol, 65% yield). 
The isolated material was a mixture of two isomers. 
1H NMR (500 MHz, CDCl3): δ 8.29 (d, J = 4.9 Hz, 2H), 8.24 (s, 1H), 8.23 (s, 1H), 8.15 – 8.09 
(m, 4H), 7.96 (dt, J = 5.9, 1.6 Hz, 2H), 7.84 (s, 1H), 7.81 (s, 1H), 5.47 (s, 4H), 4.87 (dd, J = 12.5, 
5.9 Hz, 2H), 4.76 (dt, J = 7.3, 3.5 Hz, 2H), 4.59 (d, J = 3.8 Hz, 1H), 4.57 (d, J = 3.7 Hz, 1H), 4.52 
(td, J = 5.0, 2.2 Hz, 4H), 3.93 (ddt, J = 11.6, 8.4, 3.4 Hz, 2H), 3.89 – 3.84 (m, 4H), 3.76 – 3.72 (m, 
4H), 3.71 – 3.68 (m, 4H), 3.68 – 3.64 (m, 4H), 3.59 (ddd, J = 12.2, 5.6, 3.7 Hz, 2H), 3.54 (dd, J = 
5.8, 3.5 Hz, 4H), 3.36 (s, 6H), 1.91 (qq, J = 8.2, 5.1, 3.5 Hz, 2H), 1.84 – 1.69 (m, 4H), 1.68 – 1.52 
(m, 6H). 
13C NMR (126 MHz, CDCl3): δ 165.59, 165.55, 165.39, 140.02, 139.94, 136.84, 136.81, 135.50, 
135.42, 133.12, 133.00, 132.59, 132.50, 131.45, 131.37, 130.91, 130.86, 130.28, 130.27, 129.59, 
129.55, 98.31, 98.30, 89.77, 89.63, 89.53, 89.38, 72.07, 70.81, 70.77, 69.28, 69.26, 68.27, 67.96, 
67.96, 65.66, 65.58, 64.66, 62.35, 62.30, 59.17, 30.61, 25.54, 19.41, 19.39. 
HRMS (ESI): C60H68NaO18 [M+Na]+ calcd 1099.4303, found 1099.4298. 
Macrocycle 84: Following the procedure for the synthesis of 78, precursor 89 (330.5 mg, 0.49 


















Ph3SiOH (82.6 mg, 0.29 mmol, 60 mol%) in CHCl3 (25 mL) in the presence of 5 Å MS (1 gram). 
The mixture was filtered through a plug of Celite, then a plug of neutral alumina. The product 
purified via methanol precipitation and isolated as described above. Macrocycle 88 was isolated 
as a sticky solid as mixture of isomers (229.4 mg, 0.19 mmol, 75% yield).  
1H NMR (500 MHz, CDCl3): 1H NMR (500 MHz, Chloroform-d) δ 8.31 – 8.26 (m, 4H), 8.23 (dt, 
J = 7.7, 1.6 Hz, 4H), 8.15 – 8.09 (m, 8H), 7.96 (dt, J = 6.0, 1.6 Hz, 4H), 7.84 (brt, J = 1.7 Hz, 2H), 
7.81 (brt, J = 1.7 Hz, 2H), 5.47 (s, 8H), 4.87 (dd, J = 12.5, 5.9 Hz, 4H), 4.76 (dt, J = 7.3, 3.5 Hz, 
4H), 4.58 (dd, J = 12.5, 3.7 Hz, 4H), 4.52 (dq, J = 5.1, 2.3 Hz, 8H), 3.93 (ddt, J = 11.6, 8.4, 3.4 
Hz, 4H), 3.89 – 3.83 (m, 8H), 3.76 – 3.71 (m, 8H), 3.71 – 3.67 (m, 8H), 3.68 – 3.63 (m, 8H), 3.63 
– 3.56 (m, 4H), 3.54 (dd, J = 5.8, 3.5 Hz, 8H), 3.36 (s, 12H), 1.97 – 1.85 (m, 4H), 1.84 – 1.69 (m, 
8H), 1.68 – 1.51 (m, 12H).	
13C NMR (126 MHz, CDCl3):  δ 173.64, 165.52, 165.13, 165.11, 137.75, 137.73, 136.78, 136.71, 
135.79, 135.72, 133.09, 132.97, 132.62, 132.54, 131.99, 131.88, 130.96, 130.94, 130.58, 130.54, 
129.94, 129.85, 127.80, 127.73, 124.01, 123.91, 123.73, 123.63, 89.72, 89.62, 89.51, 89.40, 77.41, 
77.16, 76.91, 72.07, 70.82, 70.77, 69.28, 69.26, 65.76, 65.66, 64.93, 64.68, 59.17, 34.35, 31.97, 
29.54, 29.38, 29.37, 29.27, 25.05, 22.78, 14.23. 
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Figure 61. GPC traces for precursors 75/88 and macrocycles 78/84.  GPC analysis performed in THF and traces 





Figure 62. MALDI spectrum of macrocycle 78 (top) and 84 (bottom). Positive ion mode, DCTB matrix. 
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Representative Procedure for Alkyne Metathesis of 77: In an oven-dried 40 mL reaction vial, 
77 (15 mg, 19.6 µmol, 1 equiv) was weighed out and transferred to an argon-filled glovebox. 
Molecular sieves (5Å, 120 mg) were added followed by 18 mL CHCl3. In a separate 2-dram vial, 
molybdenum precatalyst (3.9 mg, 5.9 µmol, 30 mol%) and Ph3SiOH (9.75 mg, 35.3 µmol, 180 
mol%) were combined in 2 mL CHCl3.  Both solutions were stirred at RT for 15 minutes, at which 
point the solutions were combined. The reaction was stirred for 24 hours at RT.  A 1 mL aliquot 
was removed, filtered through a 0.45 µm syringe filter, concentrated to dryness, and re-dissolved 
in 1 mL THF (in some cases poor solubility was observed and an additional 0.5 mL of THF was 
added). The solution was filtered again through a 0.45 µm syringe filter and analyzed by GPC. An 
additional aliquot was filtered and analyzed by MALDI-MS.  
Procedure for Timepoint Experiments: Following the representative procedure, 77 (30 mg, 39 
µmol, 1 equiv) was reacted with molybdenum precatalyst (3.89 mg, 5.85 µmol, 15 mol%) and 
Ph3SiOH (9.7 mg, 35.1 µmol, 90 mol%) with 234 mg 5Å MS in 13 mL CHCl3 at RT. Aliquots 
Figure 63. GPC traces for attempted optimization of the metathesis reaction of 77. Traces normalized to the 
intensity of the tallest peak and performed in THF. 
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(ca. 0.1 mL) were removed at the indicated timepoints and transferred to sealed, air-filled ½ dram 
vials containing wet chloroform. The aliquots were concentrated to dryness and dissolved in THF 
for GPC and MALDI analysis.  
Representative Procedure for Macrocycle Scrambling Experiments: In an oven-dried 2-dram 
reaction vial, macrocycles 78 (20 mg, 18.5 µmol, 1 equiv) and 84 (22.6 mg, 18.5 µmol, 1 equiv) 
were combined and transferred to an argon-filled glovebox. Molecular sieves (5Å, 75 mg) were 
added followed by 3 mL CHCl3.   In a separate 1-dram reaction vial, molybdenum precatalyst 
(2.46 mg, 3.7 µmol, 10 mol% relative to total mmol of macrocycle, 5 mol% per mmol alkyne) and 
Ph3SiOH (6.13 mg, 22.2 µmol, 60 mol%) were combined in 0.7 mL CHCl3. Both mixtures were 
stirred at RT for 10 minutes, and the molybdenum catalyst solution was added to the solution of 
31/33. The reaction was stirred for overnight at RT.  A 1 mL aliquot was then removed, filtered 
through a 0.45 µm, concentrated to dryness, and re-dissolved in 1 mL THF.  The solution was 
filtered again through a 0.45 µm syringe filter and analyzed by GPC. An additional aliquot was 
filtered and analyzed by MALDI-MS. 
Procedure for Macrocycle Scrambling using Diphenylacetylene: Following the procedure for 
macrocycle mixing, 78 (20 mg, 18.5 µmol, 1 equiv), 84 (22.6 mg, 18.5 µmol, 1 equiv) and 
diphenylacetylene (66 mg, 0.37 mmol, 5 equiv relative to total mmol of alkyne) were reacted with 
molybdenum catalyst (2.46 mg, 3.7 µmol, 10 mol% relative to total mmol of macrocycle) and 
Ph3SiOH (6.13 mg, 22.2 µmol, 60 mol%) in CHCl3 (3.7 mL) with 75 mg of 5Å MS. The crude 
reaction was analyzed by GPC and MALDI-MS. 
Macrocycle  Scrambling using  High Catalyst Loading:  Following the procedure for 
macrocycle mixing, 78 (20 mg, 18.5 µmol, 1 equiv) and 84 (22.6 mg, 18.5 µmol, 1 equiv) were 
reacted with molybdenum catalyst (7.38 mg, 11.1 µmol, 30 mol% relative to total mmol of 
143 
macrocycle) and Ph3SiOH (18.39 mg, 66.6 µmol, 180 mol%) in CHCl3 (3.7 mL) with 75 mg of 
5Å MS. The crude reaction was analyzed by GPC and MALDI-MS. 
Macrocycle  Scrambling at Elevated Temperature: Following the procedure for macrocycle 
mixing, 78 (20 mg, 18.5 µmol, 1 equiv) and 84 (22.6 mg, 18.5 µmol, 1 equiv) were reacted with 
molybdenum catalyst (7.38 mg, 11.1 µmol, 30 mol% relative to total mmol of macrocycle) and 
Ph3SiOH (18.39 mg, 66.6 µmol, 180 mol%) in toluene (3.7 mL) with 75 mg of 5Å MS at 75 oC. 
The crude reaction was analyzed by GPC and MALDI-MS. A precipitate was observed, and the 
reaction was additionally filtered through Celite to remove precipitates. 
GPC Deconvolution: Following a similar procedure as we have reported previously, GPC traces 
were deconvoluted using a Gauss function with 4-5 simulated peaks (OriginPro 2018 software). 
Percent yield of the putative ladder product was estimated by dividing the area of this peak by the 
total area of all peaks. The experimental and cumulative fit data were overlaid on single plot (see 




Figure 64. Deconvoluted GPC trace for macrocycle mixing at elevated catalyst loading. Percent yield was determined 




Figure 65. Deconvoluted GPC traces for optimization of the metathesis of 77. Top: 15 mol% [Mo], 3 mM CHCl3 at 
RT (22% yield of 79). Middle: 30 mol% [Mo], 1 mM CHCl3, RT (33% yield of 32). Bottom: 30 mol% [Mo], 1 mM 



















































































































































































































































































































































1H NMR (CDCl3, 500 MHz) 

























































































































































1H NMR (CDCl3, 500 MHz) 





































































































































































































1H NMR (CDCl3, 500 MHz) 




























































































































































1H NMR (CDCl3, 500 MHz) 
































































































































































































































































1H NMR (CDCl3, 500 MHz) 











































































































































































































































































































































































































































































































































1H NMR (CDCl3, 500 MHz) 































































































































































































































































































1H NMR (CDCl3, 500 MHz) 

































































































































































































































































































































































13C NMR (CDCl3, 126 MHz) 
78 
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Assignment of Macrocycle Isomers: The macrocycle product was isolated as a mixture of two 
isomers.  Proton assignments shown below were determined through HMBC/HSQC spectra of 

































































































































































































































































































































































































13C NMR (CDCl3, 126 MHz) 


























































































{7 .8 1 ,1 3 5 .7 5 } {7 .7 8 ,1 3 5 .7 2 }
{8 .1 1 ,1 3 2 .9 3 }
{8 .2 4 ,1 3 2 .3 5 }
{8 .3 1 ,1 3 1 .8 1 }
{8 .1 2 ,1 3 0 .0 3 }
{7 .9 7 ,1 2 7 .5 6 }
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{8 .2 4 ,1 6 5 .4 4 } {7 .9 7 ,1 6 5 .4 3 }
{8 .1 3 ,1 6 5 .0 3 }{8 .3 2 ,1 6 4 .9 8 }
{8 .3 2 ,1 3 5 .7 5 }
{8 .1 3 ,1 3 5 .6 3 }
{8 .2 4 ,1 3 2 .8 4 } {7 .9 8 ,1 3 2 .7 0 }
{8 .1 1 ,1 3 2 .5 7 }
{7 .7 9 ,1 3 1 .7 3 }
{8 .1 3 ,1 3 1 .3 1 } {7 .8 2 ,1 3 1 .3 1 }
{8 .3 2 ,1 2 9 .7 4 }
{8 .2 4 ,1 2 7 .7 1 }
{8 .1 2 ,8 9 .5 9 }
{8 .2 4 ,8 9 .5 8 }
{7 .7 9 ,8 9 .3 7 }{8 .3 2 ,8 9 .3 5 }
{7 .8 2 ,8 9 .3 3 }
{7 .9 7 ,6 5 .6 2 } {7 .7 9 ,6 4 .9 0 }
{7 .8 2 ,6 4 .7 3 }
{8 .1 3 ,6 4 .6 1 }
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